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1.  PURPOSE

The purpose of this Analysis/Model Report (AMR) is to describe the methods used to determine
hydrologic properties based on the available field data from the unsaturated zone at Yucca
Mountain, Nevada.  This is in accordance with the AMR Development Plan (DP) for U0090
Analysis of Hydrologic Properties Data (CRWMS M&O 1999c).  Fracture and matrix properties
are developed by compiling and analyzing available survey data from the Exploratory Studies
Facility (ESF), Cross Drift of Enhanced Characterization of Repository Block (ECRB), and/or
boreholes; air injection testing data from surface boreholes and from boreholes in the ESF; in-situ
measurements of water potential; and data from laboratory testing of core samples.

The primary objective of this work activity is to provide representative estimates of fracture and
matrix properties for use in the inversion process in the AMR documenting the calibrated
properties model and fracture spacing for generating dual-permeability grids as documented in an
AMR describing development of numerical grids for unsaturated zone (UZ) flow and transport
modeling.  The resulting calibrated property sets and numerical grids from these other AMRs will
be used directly in the Unsaturated Zone Flow and Transport Process Model (UZ Model).

The fracture and matrix properties developed in this AMR include:

• Fracture properties (frequency, permeability, van Genuchten α and m parameters,
aperture, porosity, and interface area) for each UZ Model layer

• Matrix properties (porosity, permeability, and van Genuchten α and m parameters) for
each UZ Model layer

• Thermal properties (grain density, wet and dry thermal conductivity, grain specific heat,
and tortuosity coefficients) for each UZ Model layer 

• Fault properties for each major hydrogeologic unit. 

These properties incorporate the available measurement data, as applicable, to determine base
estimates of fracture and matrix properties.  Another objective is to use field data from liquid
release testing in the ESF and other relevant data to confirm these properties and provide bounds
on property values.

Caveats, constraints, and limitations are that the fracture permeability, van Genuchten fracture α
and m, matrix permeability, and van Genuchten matrix α and m reported here are uncalibrated and
serve only as initial estimates for the calibration process.  These values should not be used directly
in the UZ or other models.  Also, these properties as well as the other properties are intended for
use in the UZ Model and, thus, were developed to be applicable to the conceptual model
assumptions and scale of the UZ Model.  These properties are also limited by the available site
data as discussed in this AMR and in the documentation accompanying the data submittal to the
Technical Data Management System (TDMS).
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2.  QUALITY ASSURANCE

This AMR was developed in accordance with AP-3.10Q, Analyses and Models.  Other applicable
Department of Energy (DOE) Office of Civilian Radioactive Waste Management (OCRWM)
Administrative Procedures (APs) and YMP-LBNL Quality Implementing Procedures (QIPs) are
identified in the AMR Development Plan for U0090 Analysis of Hydrologic Properties Data, 
Rev 00 (CRWMS M&O 1999c).

The activities documented in this AMR were evaluated with other related activities in accordance
with QAP-2-0, Conduct of Activities, and were determined to be subject to the requirements of
the U.S. DOE Office of Civilian Radioactive Waste Management (OCRWM) Quality Assurance
Requirements and Description (QARD) (DOE 1998). This evaluation is documented in CRWMS
M&O (1999a, 1999b) and Wemheuer (1999) (Activity Evaluation for Work Package WP
1401213UM1). 
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3.  COMPUTER SOFTWARE AND MODEL USAGE

All software used for this work activity is either a routine or standard spreadsheet program.  These
routines have been qualified per AP-SI.1Q, Rev.1, ICN 0, Software Management.  Table 1 lists the
routines and the accession numbers (ACC) documenting their qualification.    

The documentation for these routines have been submitted to the Records Processing Center
(RPC) and are also included as Attachment IV. Standard spreadsheet programs (Excel 97 SR-1)
were also used but are not subject to software quality assurance requirements. The use of these
routines is documented in the corresponding scientific notebooks. No models are used in this
analysis.

Table 1.  Software Routines Used

Routine ACC

Read_TDB, Version 1.0 MOL. 19990903.0031

MOL. 20000104.0304

frac_calc, Version 1.1 MOL. 19990903.0032

CAPFIT, Version 1.0 MOL. 19990903.0033
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4.  INPUTS

Fracture properties are developed by compiling and analyzing available fracture survey data from
the ESF, ECRB Cross Drift, and boreholes and from air injection testing data within vertical
boreholes and ESF alcoves.  Matrix properties are determined by combining core and small-scale
measurements with in-situ water potential data.  These properties are assigned to UZ Model layers
using the delineation of lithostratigraphic units developed in the AMR Development of Numerical
Grid for UZ Flow and Transport Modeling (CRWMS M&O 1999d).  Effective properties are
determined by computing geometric means, standard deviations, and standard errors for each UZ
Model layer for each property.  Fracture porosities are determined based on the analyses of
drift-scale gas tracer data from the ESF.  When no data for a specific layer are available, analogs
are identified and used to assign properties.  Field testing data from the ESF are used to confirm
the magnitude of parameters by establishing appropriate bounds for values.

4.1 DATA AND PARAMETERS

The key input data used in the property set development include the following: 

• Detailed Line Survey (DLS) fracture data from the ESF North and South Ramps, Main
Drift, and ECRB Cross Drift that provide spatially varying frequency, length, and fracture
dips and strikes

• Fracture frequency data from boreholes 

• Air-injection testing data from vertical boreholes that provide fracture permeability
estimates

• Air-injection and gas tracer data from the Upper Tiva Canyon, Bow Ridge fault, and
Upper Paintbrush Contact Alcoves, the Single Heater Test (SHT) area, and the Drift
Scale Test (DST) area that provide fracture permeability and porosity estimates

• Liquid release and air-injection data from the ESF niches that provide fracture
permeability and porosity estimates

• Measured properties from core samples including effective porosity, bulk density,
porosity, particle density, volumetric water content, saturation, water potential, saturated
hydraulic conductivity, matrix van Genuchten α and m values, and residual saturation

• In-situ water potentials from instrumented boreholes

• Thermal properties by lithostratigraphic unit developed from small-scale measurements

Specific input data sets and the associated Data Tracking Numbers (DTNs) are provided in
Table 2. Reports documenting past work related to UZ fracture and matrix properties for the
Project are listed in Section 8.5, as a supporting bibliography. This bibliography is for information
only, and this AMR does not directly rely on any of the listed documents. 
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Table 2.  Data Tracking Numbers for Input Data Used

DTN Data Description

GS000399991221.004 Matrix saturation, water potential and hydrologic 
property data

GS950208312232.003

GS951108312232.008

GS960308312232.001

GS960808312232.004

GS970108312232.002

GS970808312232.005

GS971108312232.007

GS980408312232.001

In-situ water potential data for boreholes USW 
NRG-6, USW NRG-7a, USW SD-12, UE-25 UZ#4, & 
USW UZ-7a

GS960908312232.012

GS960908312232.013

Air permeability data from vertical boreholes

GS970183122410.001 Air permeability data from Alcoves 1,2,3

LB960500834244.001 Air injection and permeability data - SHT area

LB970600123142.001

LB980120123142.004

LB980120123142.005

Air injection and permeability data - DST area

LB980001233124.002 Pre-excavation air permeability data from Niches 1 
and 2

LB980901233124.001 Pre-excavation air permeability data from Niches 3 
and 4

LB980912332245.002 Air-injection , tracer test  and fracture porosity data

GS971108314224.020 Fracture type (location, strike, dip, length) Sta. 0+60 
to 4+00

GS971108314224.021 Fracture type (location, strike, dip, length) Sta. 4+00 
to 8+00

GS971108314224.022 Fracture type (location, strike, dip, length) Sta. 8+00 
to 10+00

GS971108314224.023 Fracture type (location, strike, dip, length) Sta. 10+00 
to 18+00

GS971108314224.024 Fracture type (location, strike, dip, length) Sta. 18+00 
to 26+00

GS971108314224.025 Fracture type (location, strike, dip, length) Sta. 26+00 
to 30+00

GS960708314224.008 Fracture type (location, strike, dip, length) Sta. 30+00 
to 35+00

GS960808314224.011 Fracture type (location, strike, dip, length) Sta. 35+00 
to 40+00

GS960708314224.010 Fracture type (location, strike, dip, length) Sta. 40+00 
to 45+00
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4.2 CRITERIA

At this time, no specific criteria (e.g., System Description Documents) have been identified as
applying to this analysis activity in project requirements documents.  However, this AMR
provides information required in specific subparts of the proposed U.S. Nuclear Regulatory
Commission rule 10 CFR 63 (see Federal Register for February 22, 1999, 64 FR 8640). It
supports the site characterization of Yucca Mountain (Subpart B, Section 15), the compilation of

GS971108314224.026 Fracture type (location, strike, dip, length) Sta. 45+00 
to 50+00

GS960908314224.014 Fracture type (location, strike, dip, length) Sta. 50+00 
to 55+00

GS971108314224.028 Fracture type (location, strike, dip, length) Sta. 55+00 
to 60+00

GS970208314224.003 Fracture type (location, strike, dip, length) Sta. 60+00 
to 65+00

GS970808314224.008 Fracture type (location, strike, dip, length) Sta. 65+00 
to 70+00

GS970808314224.010 Fracture type (location, strike, dip, length) Sta. 70+00 
to 75+00

GS970808314224.012 Fracture type (location, strike, dip, length) Sta. 75+00 
to 78+77

GS960908314224.020 Fracture type (location, strike, dip, length) Sta. 4+00 
to 28+00, Alcoves 3 & 4

GS960908314224.018 Fracture type (location, strike, dip, length) Alcove 5

GS970808314224.014 Fracture type (location, strike, dip, length) Alcove 6

GS990408314224.001

GS990408314224.002

GS981108314224.005

Fracture type (location, strike, dip, length) and 
lithostratigraphic contacts for ECRB Cross Drift

GS970408314222.003 Fracture Frequency data of 15 model units from 14 
borehole locations in the Yucca Mountain vicinity

GS970308314222.001 Fracture Type data from outcrop survey of Calico Hills 
Formation

GS930608312332.001 
GS930608312332.002

Fracture Type data on line surveys in the Bullfrog 
Member of the Crater Flat Tuff from (1) Raven Canyon 
and (2) east side of Little Skull Mountain in Yucca 
Mountain Area 

TM000000SD12RS.012 Fracture frequency - SD-12

SNF29041993002.084 Fracture frequency – NRG-7a

SNT05071897001.012 Thermal conductivity, grain specific heat

LB980901233124.003 ESF seepage test data 

MO9901MWDGFM31.000 Geologic Framework Model

GS990883122410.002 Ghost Dance fault permeability

Table 2.  Data Tracking Numbers for Input Data Used (Cont.)

DTN Data Description
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information regarding the hydrology of the site in support of the License Application (Subpart B,
Section 21(c)(1) (ii)), and the definition of hydrologic parameters used in performance assessment
(Subpart E, Section 114(1)).

The DOE interim guidance (Dyer 1999), requiring the use of specified subparts of the proposed
NRC high-level waste rule, 10 CFR Part 63 (64 FR 8640), was released after completion of the
work documented in this AMR; it has no impact on this work activity.

4.3 CODES AND STANDARDS

No specific formally established standards have been identified as applying to this analysis
activity.
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5.  ASSUMPTIONS

This section documents the major assumptions made to determine hydrologic properties based on
data available from the unsaturated zone of Yucca Mountain. 

1. The subsurface heterogeneity of the unsaturated zone of Yucca Mountain is adequately
represented by a number of model layers, each of which is assumed to have uniform
hydrologic properties. This is based on the following considerations.  First, the overall
behavior of flow and transport processes in the unsaturated zone of Yucca Mountain is
mainly determined by relatively large-scale heterogeneities introduced by stratification of
the tuffs. Second, the complexity of a heterogeneity model needs to be consistent with the
data availability. More complicated models generally introduce larger degrees of
uncertainty in rock property estimations when data are limited. This is because more
complicated models correspond to larger numbers of variables. Third, this layered
approach is supported by field observations, such as matrix water saturation distributions.
For a given geologic unit, measured matrix saturation distributions are very similar from
different boreholes (Flint 1998, pp. 24-30, Figures 5-9), indicating that matrix flow
behavior and effective hydraulic properties should be similar within the unit.  A further
discussion on this assumption is provided in an AMR describing conceptual and
numerical models for UZ flow and transport. Based on the above reasoning, no
confirmation is needed for this assumption.

2. Another major assumption is that van Genuchten (1980, pp. 892-898) relationships,
originally developed for porous media, can be used as constitutive relations for the active
fracture continuum. Not all connected fractures are active in conducting liquid water in
the unsaturated zone of Yucca Mountain (Liu et al. 1998, pp. 2638-2641). The active
fracture continuum consists of fractures that actively conduct liquid water. The use of van
Genuchten relations is based on a conceptual model that flow in fractures can be
described using porous medium equivalence. A further discussion on this conceptual
model is provided in an AMR describing conceptual and numerical models for UZ flow
and transport. No confirmation is needed for this assumption.

3. Since a systematic approach for upscaling properties directly from small-scale
measurements is still lacking for unsaturated fractured rocks, simple averaging schemes
are assumed to be appropriate in most cases for the upscaling purpose in the analyses to
be reported in this study. The relation of Paleologos et al. (1996, p. 1336), originally
developed for porous media, is assumed to be appropriate for upscaling matrix
permeability when an upper limit of 1.5 orders of magnitude is used for the amount of
upscaling. Hydrologic property data have been determined on scales that are generally
much smaller than the scales characterizing the subsurface heterogeneity (e.g.,
characteristic sizes for model layers). While considerable progress has been made in
developing upscaling schemes for porous media, the scale-dependent behavior of a
hydrologic property for fractured rocks can be very different from that for porous media.
For example, the existence of fractures in a fractured rock, which may act as a capillary
barrier, can increase tortuosity of liquid water in the matrix, and therefore reduce
large-scale matrix permeability compared with the case without fractures. It is necessary
to make this assumption to determine the rock properties using small-scale
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measurements. Note that the rock properties to be reported in this report are mainly used
as initial estimates for use in the inversion process documented in an AMR describing
calibrated properties model. The upscaling issue is further considered in the inversion
process which results in the large-scale properties by matching the large-scale simulation
results with grid block-scale observations averaged from small-scale data. Based on the
above reasoning, no confirmation is needed for this assumption.

4. It is assumed that a van Genuchten fracture m value, estimated from the middle
nonlithophysal zone of the Topopah Spring welded unit (UZ Model layer tsw34), can be
used as a representative estimate for all of  UZ Model layers. This is based on the
following considerations. First, for other model layers, there are limited data for
determining the m values. Second, the m value determined in this report is only used as an
initial guess for use in the inversion process documented in an AMR describing
calibrated properties model. The inversion process results in more accurate m values for
the model layers because it adjusts rock properties to make model simulation results
match the relevant observations. Based on these considerations, no confirmation is
needed for this assumption.
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6.  ANALYSES/MODEL

In this section, the methodologies and data used to determine representative estimates of the
fracture and matrix properties for the UZ Model layers are discussed. Table 3 shows the
relationships between the lithostratigraphy of the Geologic Framework Model (GFM3.1)  and the
UZ Model layers, as documented in an AMR describing development of numerical grids for UZ
flow and transport modeling (CRWMS M&O 1999d, Table 10). Most of these property estimates
are used as the prior information and initial estimates in the inversion modeling studies
documented in the AMR describing calibrated properties model.

Table 3.  GFM3.1 Lithostratigraphy, UZ Model Layer, and Hydrogeologic Unit Correlation (CRWMS M&O 
1999d, Table 10)

Major Unit
GFM3.1 Lithostratigraphic 

Nomenclature* 
FY 99 UZ 

Model Layer
Hydrogeologic 

Unit

Tiva Canyon welded

(TCw)

Tiva_Rainier tcw11 CCR, CUC

Tpcp  tcw12 CUL, CW

TpcLD

Tpcpv3 tcw13 CMW

Tpcpv2

Paintbrush

nonwelded 

(PTn)

Tpcpv1 ptn21 CNW

Tpbt4 ptn22 BT4

Tpy (Yucca)

ptn23 TPY

ptn24 BT3

Tpbt3

Tpp (Pah) ptn25 TPP

Tpbt2 ptn26 BT2

Tptrv3

Tptrv2

Topopah Spring welded

(TSw)

Tptrv1 tsw31 TC

Tptrn

tsw32 TR

Tptrl, Tptf tsw33 TUL

Tptpul

Tptpmn tsw34 TMN

Tptpll tsw35 TLL

Tptpln tsw36 TM2 (upper 2/3 of 
Tptpln)

tsw37 TM1 (lower 1/3 of 
Tptpln)

Tptpv3 tsw38 PV3

Tptpv2 tsw39 PV2

NOTE: * GFM 3.1 is the Geologic Framework Model, Version 3.1.
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The key scientific notebooks (with relevant page numbers) used for this analysis are listed in
Table 4.

Calico Hills nonwelded

(CHn)

Tptpv1 ch1 (vit, zeo) BT1 or

BT1a (altered)Tpbt1

Tac (Calico) ch2 (vit, zeo) CHV (vitric)

or

CHZ (zeolitic)
ch3 (vit, zeo)

ch4 (vit, zeo) 

ch5 (vit, zeo) 

Tacbt (Calicobt) ch6 (vit, zeo) BT

Tcpuv (Prowuv) pp4 PP4 (zeolitic)

Tcpuc (Prowuc) pp3 PP3 (devitrified)

Tcpm (Prowmd) pp2 PP2 (devitrified)

Tcplc (Prowlc)

Tcplv (Prowlv) pp1 PP1 (zeolitic)

Tcpbt (Prowbt) 

Tcbuv (Bullfroguv)

Crater Flat undifferentiated 

(CFu)

Tcbuc (Bullfroguc) bf3 BF3 (welded)

Tcbm (Bullfrogmd)

Tcblc (Bullfroglc)

Tcblv (Bullfroglv) bf2 BF2 (nonwelded)

Tcbbt (Bullfrogbt)

Tctuv (Tramuv)

Tctuc (Tramuc) tr3 Not Available

Tctm (Trammd)

Tctlc (Tramlc)

Tctlv (Tramlv) tr2 Not Available

Tctbt (Trambt)

Table 4.  Scientific Notebooks

Scientific Notebook ID No. Pages ACC

YMP-LBNL-GSB-1.1.2

(SN-LBNL-SCI-003-V1)

70-73; 81-85, 91-94, 

117-127 and 145-146

MOL.20000302.0391

YMP-LBNL-GSB-1.9

(SN-LBNL-SCI-053-V1)

104-107 MOL.20000301.1097

YMP-LBNL-GSB-LHH-2

(SN-LBNL-SCI-098-V1) 

64-66 MOL.20000302.0390

Table 3.  GFM3.1 Lithostratigraphy, UZ Model Layer, and Hydrogeologic Unit Correlation (CRWMS M&O 
1999d, Table 10) (Cont.)

Major Unit
GFM3.1 Lithostratigraphic 

Nomenclature* 
FY 99 UZ 

Model Layer
Hydrogeologic 

Unit

NOTE: * GFM 3.1 is the Geologic Framework Model, Version 3.1.
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The following subsections present the methods used to determine fracture properties, matrix
properties, thermal properties, and fault properties followed by an analysis confirming specific
fracture properties utilizing field data.

6.1 FRACTURE PROPERTIES

The following subsection discusses the determination of fracture properties from field data for the
UZ Model.  These properties include fracture frequency, fracture aperture, fracture porosity,
fracture interface area, uncalibrated van Genuchten fracture α and m, uncalibrated fracture
permeability.  The fracture frequency, aperture, porosity, and interface area are for use in
developing numerical grids for the UZ Model.  The uncalibrated van Genuchten fracture α and m
and uncalibrated fracture permeability are for use as prior information and the initial estimates for
the calibrated property sets documented in an AMR describing calibrated properties model.

6.1.1  Fracture Permeability

The fracture permeabilities calculated here for the UZ Model layers are based on air
permeabilities inferred from air injection tests performed in vertical boreholes and in ESF
alcoves.  Permeabilities inferred from air-injection tests in boreholes are believed to be
representative of fracture absolute permeabilities.  These permeabilities were determined based
on pneumatic pressure data and are calculated using a modified version of Hvorslev (1951, p. 30,
case 8) solution for steady-state elliptic flow (LeCain 1995, p. 10).  The values are combined here
to determine effective fracture permeabilities for the UZ Model layers.  Geometric means of these
fracture permeabilities are assumed to reflect upscaling of these permeabilities for use as single
values representative for each model layer. Note that permeability is an intrinsic property for a test
medium and theoretically independent of test fluids, as long as the test medium can be viewed as
a continuum. Thus, fracture permeabilities derived from air injection tests are considered to be
applicable for describing liquid water flow in fractures.
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Figure 1. Schematic showing locations of selected boreholes and alcoves.

For the Tiva Canyon welded hydrogeologic unit (TCw), fracture permeabilities were based on
air-injection tests performed in vertical boreholes NRG-7a, NRG-6, SD-12 and UZ#16 and the
Upper Tiva Canyon, Bow Ridge fault, and Upper Paintbrush Contact Alcoves (Alcoves 1, 2 and
3, respectively).  For the Paintbrush nonwelded hydrogeologic unit (PTn), the permeability data
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are from vertical borehole NRG-7a and Upper Paintbrush Contact Alcove (Alcove 3).  For the
Topopah Spring welded hydrogeologic unit (TSw), the permeability data are from vertical
boreholes NRG-7a, NRG-6, SD-12 and UZ#16 and the Single Heater and Drift Scale Test Areas
in Alcove 5.  For the Calico Hills nonwelded hydrogeologic unit (CHn), permeability data are
only available from a single sampled interval in vertical borehole UZ#16. The locations of the
boreholes and alcoves are given in Figure 1. These permeabilities are listed in Table II-1 in
Attachment II.  No air-injection data are available for the Prow Pass (pp), Bullfrog (bf), and Tram
(tr) units.  For model layers where no data are available, analogs to other units are used based on
those designated for matrix properties (Flint 1998, p. 46), the degree of zeolitic alteration, and
degree of welding. These fracture permeabilities are used as prior information and initial
estimates for an AMR describing the calibrated properties model. 

Table 5 lists the geometric means of the fracture permeabilities for the UZ Model layers.  The
lithostratigraphic units were assigned to the UZ Model layers as listed in Table 3.  The fracture
permeabilities were treated as isotropic, and the data from vertical boreholes and the horizontal
and inclined boreholes in the ESF alcoves were combined.  The scales of these measurements are
similar, as discussed in Section 6.1.1.1.  

Table 5. Uncalibrated Fracture Permeabilities for the UZ Model Layers  

UZ Model

Layer

Fracture

permeability (m2)

Basisa kG
b log(kG) Nd

tcw11 BRFA 3.0E-11 -10.521 - 2

tcw12 UTCA

UPCA

NRG-6

NRG-7a

SD-12

UZ#16

5.3E-12 -11.279 0.778 80

tcw13 UPCA

NRG-7a

4.5E-12 -11.344 1.147 3

NOTE: Submitted under DTN: LB990501233129.001. Source DTNs are included in Table II-1 
in Attachment II and Table 2 in Section 4.

aIdentifies the corresponding air-injection borehole(s) and/or alcove(s) or analog to another 
model layer(s).  UTCA-Upper Tiva Canyon Alcove, BRFA-Bow Ridge fault Alcove, 
UPCA-Upper Paintbrush Contact Alcove, SHT-Single Heater Test Area, DST-Drift 
Scale Test Area, and NRG-6, NRG-7a, SD-12, and UZ#16 are vertical boreholes.

bGeometric mean
cStandard deviation
dNumber of sampled intervals

C

)klog(
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ptn21 UPCA

NRG-7a

3.2E-12 -11.491 0.885 12

ptn22 NRG-7a 3.0E-13 -12.524 0.202 4

ptn23 NRG-7a 3.0E-13 -12.524 0.202 4

ptn24 NRG-7a 3.0E-12 -11.527 - 1

ptn25 NRG-7a 1.6E-13 -12.784 0.101 7

ptn26 NRG-7a 2.2E-13 -12.661 - 1

tsw31 Average

TSW

6.4E-13 -12.195 - -

tsw32 NRG-6

NRG-7a

SD-12

UZ#16

7.1E-13 -12.146 0.658 31

tsw33 NRG-6

NRG-7a

SD-12

UZ#16

7.7E-13 -12.112 0.612 27

tsw34 SHT

DST

NRG-6

NRG-7a

SD-12

UZ#16

3.4E-13 -12.474 0.546 180

Table 5. Uncalibrated Fracture Permeabilities for the UZ Model Layers (Cont.) 

UZ Model

Layer

Fracture

permeability (m2)

Basisa kG
b log(kG) Nd

NOTE: Submitted under DTN: LB990501233129.001. Source DTNs are included in Table II-1 
in Attachment II and Table 2 in Section 4.

aIdentifies the corresponding air-injection borehole(s) and/or alcove(s) or analog to another 
model layer(s).  UTCA-Upper Tiva Canyon Alcove, BRFA-Bow Ridge fault Alcove, 
UPCA-Upper Paintbrush Contact Alcove, SHT-Single Heater Test Area, DST-Drift 
Scale Test Area, and NRG-6, NRG-7a, SD-12, and UZ#16 are vertical boreholes.

bGeometric mean
cStandard deviation
dNumber of sampled intervals

C

)klog(
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alternate tsw34 SHT

DST

NRG-6

NRG-7a

SD-12

UZ#16

1.6E-13 -12.805 - 180

tsw35 NRG-7a

UZ#16

9.0E-13 -12.044 0.544 31

tsw3[67] SD-12

UZ#16

1.4E-12 -11.868 0.285 19

tsw38 Average

TSW

6.4E-13 -12.195 - -

tsw39 Average

TSW

6.4E-13 -12.195 - -

ch1Ze ch2Ze 2.5E-14 -13.606 - -

ch1VI ptn26 2.2E-13 -12.661 - -

ch[2345]VI ptn26 2.2E-13 -12.661 - -

ch[2345]Ze UZ#16 2.5E-14 -13.606 - 1

ch6 ch2Ze 2.5E-14 -13.606 - -

pp4 ch2Ze 2.5E-14 -13.606 - -

pp3 ptn26 2.2E-13 -12.661 - -

pp2 ptn26 2.2E-13 -12.661 - -

pp1 ch2Ze 2.5E-14 -13.606 - -

bf3 ptn26 2.2E-13 -12.661 - -

bf2 ch2Ze 2.5E-14 -13.606 - -

tr3 ptn26 2.2E-13 -12.661 - -

Table 5. Uncalibrated Fracture Permeabilities for the UZ Model Layers (Cont.) 

UZ Model

Layer

Fracture

permeability (m2)

Basisa kG
b log(kG) Nd

NOTE: Submitted under DTN: LB990501233129.001. Source DTNs are included in Table II-1 
in Attachment II and Table 2 in Section 4.

aIdentifies the corresponding air-injection borehole(s) and/or alcove(s) or analog to another 
model layer(s).  UTCA-Upper Tiva Canyon Alcove, BRFA-Bow Ridge fault Alcove, 
UPCA-Upper Paintbrush Contact Alcove, SHT-Single Heater Test Area, DST-Drift 
Scale Test Area, and NRG-6, NRG-7a, SD-12, and UZ#16 are vertical boreholes.

bGeometric mean
cStandard deviation
dNumber of sampled intervals
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The mean fracture permeabilities range from 2.5 x 10-14 m2 to 3 x 10-11 m2.  The Tiva Canyon
welded unit (TCw) has the highest fracture permeabilities.  The Topopah Spring welded unit
(TSw) fracture permeabilities are, in general, higher than those for the nonwelded Paintbrush
(PTn) and Calico Hills (CHn) units.  Two fracture permeabilities are shown for the Topopah
Spring middle nonlithophysal unit (tsw34).  These represent two different approaches to
weighting the available air injection data.  For tsw34, there were 143 sampled intervals in the
Alcove 5 heater test areas compared to 37 sampled intervals in the four vertical borehole injection
tests.  For the first case, the data from Alcove 5 were weighted with those from the vertical
borehole tests (k = 0.8 kG,vertical boreholes + 0.2 kG, Alcove 5).  In the alternate tsw34 case, each
sampled interval is weighted equally. 

The uncertainty and variability of fracture permeabilities for the UZ Model layers are reflected by
the standard deviations reported in Table 5.  These standard deviations would result in 95%
confidence intervals covering three orders of magnitude even for the units that had a large number
of sampled intervals.  The data indicate that fracture permeabilities are highly variable.

6.1.1.1 Scaling Issues

As noted previously, the permeabilities measured in the vertical boreholes and alcoves were
combined to determine the fracture permeability for each UZ Model layer.  The packer lengths
were approximately 4 meters for vertical boreholes, 1 to 3 meters for Alcoves 1, 2 and 3, and 5 to
12 meters in the SHT and DST areas (Alcove 5).  These data were all considered to be on the
same relative scale and representative of the fracture permeability on the scale of the UZ Model
after upscaling using geometric means.  Additional air permeability data on a scale of one-foot
intervals are also available from air injection testing in niches in the ESF in the Topopah Spring
middle nonlithophysal unit (tsw34). The air-injection data from the niche studies are not used here
for determining mean fracture permeabilities for the model layers since these data are on a smaller

tr2 ch2Ze 2.5E-14 -13.606 - -

Table 5. Uncalibrated Fracture Permeabilities for the UZ Model Layers (Cont.) 

UZ Model

Layer

Fracture

permeability (m2)

Basisa kG
b log(kG) Nd

NOTE: Submitted under DTN: LB990501233129.001. Source DTNs are included in Table II-1 
in Attachment II and Table 2 in Section 4.

aIdentifies the corresponding air-injection borehole(s) and/or alcove(s) or analog to another 
model layer(s).  UTCA-Upper Tiva Canyon Alcove, BRFA-Bow Ridge fault Alcove, 
UPCA-Upper Paintbrush Contact Alcove, SHT-Single Heater Test Area, DST-Drift 
Scale Test Area, and NRG-6, NRG-7a, SD-12, and UZ#16 are vertical boreholes.

bGeometric mean
cStandard deviation
dNumber of sampled intervals
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scale and may not be representative of a larger scale effective permeability.  Figure 2 compares
the geometric means and range of data for the model layer tsw34.  The data shown for the niche
studies are inferred from pre-excavation air injection testing.  The ranges of the data overlap, but
the geometric means for the measurements from the niche studies are generally lower than the
other values.  This would be expected because the mean permeability decreases as the scale of the
measurement decreases (Neuman 1994, pp. 349-352).

DTN: GS960908312232.012, GS960908312232.013, LB960500834244.001, LB970600123142.001,

LB980120123142.004, LB980001233124.001, LB980001233124.002

Figure 2. Fracture Permeabilties for Topopah Spring Middle Nonlithophysal Unit. Ranges 
for Inferred Permeabilties from Air Injection Data. (X are the geometric means) 
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6.1.2  Fracture Frequency, Intensity, Fracture Interface Area, Aperture, and van Genuchten 

Parameters

The following subsections present the field data analyzed, the equations utilized, and the steps for
determining these fracture properties.

6.1.2.1  Field Data Used for Calculating Fracture Properties

Fracture data are available from three general types of locations – the ESF and ECRB Cross Drift,
boreholes, and surveys of surface exposures and outcrops.  The entire length of the ESF Main
Drift, North Ramp, South Ramp, and ECRB Cross Drift, as well as Alcoves 3, 4, 5, and 6 have
been surveyed to characterize subsurface fracturing. Over 21,000 fractures have been
characterized. Qualified fracture data from borehole cores (DTN: GS970408314222.003) are
available for fourteen boreholes – NRG-1, NRG-2, NRG-2a, NRG-2b, NRG-3, NRG-4, NRG-5,
NRG-6, NRG-7a, SD-7, SD-9, SD-12, UZ-14, and UZ#16. The discussion here is focused on the
fracture data relevant to the UZ Model and applying these data to determine fracture properties
for the UZ Model layers.

The DLS in the ESF (including the North Ramp, Main Drift, South Ramp) and the ECRB Cross
Drift include data for all of the TCw model layers, four of the six PTn model layers, and seven out
of nine of the TSw model layers. Geologic intervals of the ESF, described in CRWMS M&O
(1998, Table 2, pp. 20-22) and DTN:  GS981108314224.005 for the ECRB Cross Drift, were used
to assign the DLS data to the corresponding UZ Model layers.  These are listed in Table II-2 in
Attachment II.  Fracture data were downloaded directly from the Technical Data Management
System (TDMS) for calculating fracture properties and were listed previously in Table 2 (DTN:
GS971108314224.020 to DTN: GS990408314224.002).  Borehole data were used for estimating
fracture properties for model layers only when no, or incomplete, data were available from the
DLS.  Surface fracture mapping was used to scale fracture properties when utilizing an analog to
determine the fracture properties for a model layer.  Only data used for estimating the statistics of
the fracture properties for the UZ Model layers are discussed here and listed in Table 2. 

Fracture orientations are not used directly in this analysis.  CRWMS M&O (1998, Figure 5 and
Attachment II) provides fracture orientation rosettes along the ESF.  These rosettes suggest that
fracture orientations and site stratigraphy are correlated (CRWMS M&O 1998, p.35)

6.1.2.2  Equations Used for Calculating Fracture Properties

For calculating fracture frequencies using the DLS in the ESF and ECRB Cross Drift, the mean 
fracture frequency is given by the inverse of the mean spacing.  The mean spacing     is 
calculated by:

(Eq.1)
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where Di is the distance or station along the ESF where fracture i intersects the DLS and nf is the
number of fractures.  This is the apparent spacing.  It is not the normal distance between the
center of fractures and is therefore a rough estimate of the true spacing. These values were not
corrected for any possible bias in orientation in the DLS.  The mean fracture frequency is

given by the inverse of the mean apparent spacing:

(Eq.2)

Directional bias is inherent in the DLS in that only those fractures that intersect the survey line are
included.  Fractures that are parallel or subparallel to the ESF tunnel azimuth as well as horizontal
or subhorizontal dipping fractures are underrepresented in the survey.  Corrections for this
directional bias were not made in this analysis.  To assess the impact of not correcting for
directional bias, the apparent fracture frequency of hydrogeologic units that are intersected by
both the ESF Main Drift and the ECRB Cross Drift were compared.  These two tunnels intersect
these units in different directions.  The hydrogeologic units compared include the Topopah Spring
upper lithophysal, middle nonlithophysal and lower lithophysal, which correspond with UZ
Model layers tsw33, tsw34 and tsw35, respectively.  The fracturing, as represented by the DLS
data, was found to be similar for these units (YMP-LBNL-GSB-MC-1.2, p. 51).  For the other
units, the analysis in CRWMS M&O (1998, p.34) was used to assess the impact of directional
bias.  The analysis in CRWMS M&O (1998, p.34), similarly, did not correct for directional bias in
the selection and analysis of joint sets using the DLS data.  For that analysis, a visual inspection of
the full periphery geologic maps (these include the entire surface of the exposed tunnel) was
conducted to assess the impact of the directional bias (CRWMS M&O 1998, p. 34).   This
inspection found that fracturing along the ceiling and the walls of the tunnels in the ESF North
Ramp, Main Drift, and South Ramp did not vary significantly and that, in general, the line survey
provided conservative results (i.e., indicated more fracturing).  This suggests that the impact of
the directional bias in the DLS data is minimal.

For calculating fracture frequency from borehole data, the data are corrected by normalizing for
core recovery, correcting for bias in orientation, and scaling to represent larger length fracture.  To
correct for orientation bias, the dip distributions are used as follows (modified from Lin et al.
1993, p. 24):

(Eq.3)

where fcb is the fracture frequency corrected for orientation bias and fi is the fracture frequency
corresponding to the range of dip distribution. Lastly, these values are corrected to represent
larger length fractures on the scale of those characterized in the ESF.  A simple correction ratio is
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used based on comparisons of ESF data with corresponding vertical boreholes for that model
layer:

 (Eq.4)

Two correction factors R were calculated, one for welded units using data for the Topopah Springs
middle nonlithophysal hydrogeologic unit (tsw34) and one for non-welded units using data for the
Pah Canyon Tuff in the Paintbrush hydrogeologic unit (ptn25).  These units were selected because
both ESF and borehole data are available and these were assumed to be representative of the other
units.

The fracture intensity is calculated by dividing the trace length of the fracture by the area
surveyed.  The area surveyed was 3 meters above and below the traceline times the length along

the tunnel considered for that interval.  The average fracture intensity I (m/m2) is given by:

(Eq.5)

where t is trace length in meters for fracture i.  

The fracture interface area is calculated by dividing the fracture area by the volume of the interval
surveyed.  The volume for the interval is estimated by multiplying the interval length surveyed
times the square of the geometric mean of the trace lengths of fractures surveyed.  The average

fracture interface area per volume af (m
2/m3) is given by:

(Eq.6)

where r is radius of fracture i, or one-half of the trace length of fracture i.  

Fracture apertures are calculated assuming that the velocity within a fracture is given by the cubic
law and the fractures characterized are fully connected.  The fracture aperture b is then given by
(Bear et al. 1993, p. 15):

(Eq.7)
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where k is the fracture permeability. Note that the fracture aperture determined in this way is an
effective “hydraulic” aperture, not a “physical” aperture. 

Fitted parameters are required to utilize the van Genuchten equation relating the effective
saturation Se and capillary pressure Pc (van Genuchten 1980, p. 892-895):

(Eq.8)

where α and m are the van Genuchten parameters.  A simplified form of the Young-LaPlace
equation is assumed, to directly calculate the van Genuchten fracture α (αf ) from b. Note that the
subscript f refers to fractures. The resulting relationship is: 

(Eq.9)

where τ is the surface tension of pure water at 20 ºC (0.072 N/m) and θ is the contact angle.
Essentially, Equation 9 assumes that van Genuchten α can be estimated as the inverse of the air
entry value, which is often used in the soil science literature (Wang and Narasimhan, 1993,
p.374).  The contact angle θ is assumed to be zero, since the rock is expected to be water wetting
and no other specific data are available.

The van Genuchten fracture m parameter (mf ) is determined by fitting an analytical solution to
the fracture saturation-capillary pressure curve given in Equation 8. 

6.1.2.3  Steps for Determining the Fracture Properties for the UZ Model Layers

The DLS data from the ESF are limited in that from station 37+80 to the end of the tunnel, only
fractures  one meter or longer are characterized.  For the first part of the ESF (station 0+00 to
37+80), fractures that were 30 cm or longer were characterized.  Excluding fractures less than 1
meter in length may underestimate the effective fracture properties for the UZ Model layer
because it would exclude smaller fractures.  No method of assessing the exact portion of fractures
hydraulically connected or the relationship between hydraulic-connectivity and fracture length is
available.  As such, an approach was developed to estimate fracture properties believed to be
reasonably representative of the geometrically connected fractures on the mountain-scale for use
in the UZ Model.  Utilization of 80% of the fractures larger than 30 cm in length was selected as a
reasonable means to estimate fractures that may be hydraulically connected.  Note that not all
these connected fractures are active in conducting liquid water under unsaturated conditions due
to fingering flow at different scales (Liu et al. 1998, p. 2641).  An active fracture model (Liu et al.
1998, pp. 2633-2646), in which only a small portion of the connected fractures are assumed to be
actively conducting liquid water in the UZ, is used to deal with this issue, as documented in an
AMR describing calibrated property model.
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To utilize this approach, the first part of the ESF had to be used to determine the distribution of
fracture trace lengths and then these ratios were applied to the remainder of the ESF data. 

The following steps were followed for computing fracture frequencies, fracture interface area, and
fracture intensity for model layers tcw11, tcw12, tcw13, ptn21, ptn24, ptn25, ptn26, tsw31, tsw32,
tsw33, and tsw34:

1. Compile all the data from the DLS in the ESF and ECRB Cross Drift.  The software
routine Read_TDB, Version 1.0, was used to read and combine text files from the TDMS
for the DTN:  GS971108314224.020 through DTN:  GS990408314224.002 in Table 2.
The output file includes the location, strike, dip, and trace lengths above and below the
traceline for each fracture in the DLS.  All types of fractures were included and only
entries for contacts recorded in the DLS or entries with incomplete survey data were
excluded (see YMP-LBNL-GSB-MC-1.1 pp. 54-55 and YMP-LBNL-GSB-MC-1.2, pp.
9-10).  In addition, entries for fractures at 4 locations in the ESF  were not used because
the values were misentered (YMP-LBNL-GSB-MC-1, pp. 126, 134, and 152–153 and
YMP-LBNL-GSB-MC-1.2, pp. 46–47).

2. Using only the first part of the ESF data (up to Station 37+80), determine the minimum
fracture length cutoff for each unit that corresponds to 80% of the fractures that are 30 cm
or longer.  Data from the first part of the ESF are available for model layers tcw11, tcw12,
tcw13, ptn21, ptn24, ptn25, ptn26, tsw31, tsw32, tsw33, and tsw34.  The following
minimum fracture length cutoffs were determined (see YMP-LBNL-GSB-MC-1.2,
pp. 17-18):

UZ Model Layer         Cutoff length (m)
tcw11                            0.95
tcw12                            0.57
tcw13                            0.5
ptn21                             1.1
ptn24                             1.0
ptn25                             1.5
ptn26                             0.7
tsw31                             0.5
tsw32                             0.8
tsw33                             0.54
tsw34                             0.51

As expected, the welded units had a larger proportion of fractures with smaller trace
lengths than the nonwelded units.

3. Use the software routine frac_calc, Version 1.1, to compute the fracture frequency,
fracture intensity, and fracture interface area using these cutoff lengths and a one-meter
cutoff length (see YMP-LBNL-GSB-MC-1.2, p. 19).  The software routine frac_calc,
Version 1.1, performs the calculations specified in Equations 1, 2, 5, 6, 7 and 9.
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4. Compute ratios between these values using the specified cutoff length and the one-meter
cutoff length (see YMP-LBNL-GSB-MC-1.2, p. 20).

5. Using all of the ESF and ECRB Cross Drift data, compute the fracture frequency, fracture
intensity, and fracture interface area using a cutoff length of one-meter (see
YMP-LBNL-GSB-MC-1.2, p. 21).  These values are given in Table II-3 in Attachment II.

6. Use the ratios determined under step 4 to correct these values to represent 80% of the
fractures with trace lengths longer than 30 cm.  The corrected values for fracture
frequency and fracture interface area are listed in Table 6 with a basis of either ESF or
ESF/ECRB.

For model layers tsw35-tsw39, ch1Ze, ch1Vl, ch[2-5]Ze, and ch[2-5]Vl, borehole data were used.
For tsw35-tsw37, data from the ESF and ECRB Cross Drift were available but these could not be
corrected to the 80% representation, because these units are not present in the first portion of the
ESF (see step 2 above) where surveys included fractures as small as 30 cm in length.  For model
layers tsw35-tsw38, the summary of borehole fracture data compiled in DTN:

GS970408314222.0031 were used, which are already normalized for core recovery.  These data
were used directly as input into Equation 3 to correct for bias in orientation (see Table II-4 in
Attachment II).  Equation 4 was used to scale the frequency to represent larger fracture lengths
using R of 0.21 for welded units.  The correction factor R for welded units was computed using
the fracture frequency from the ESF for tsw34 given in Table 6 and the fracture frequency
computed using borehole data (see Table II-4 in Attachment II).     

For ch1Ze, data are available from only one borehole, SD-12 (DTN: TM000000SD12RS.012)
and for tsw39, ch1Vl, ch[2-5]Ze, and ch[2-5]Vl data from two boreholes, SD-12 and NRG-7a
available (DTN: TM000000SD12RS.012 and SNF29041993002.084).  The data were corrected
by normalizing for core recovery, correcting for bias in orientation (Equation 3), and scaled to
represent larger length fracture (Equation 4).  Averages for each model layer were weighted using
the length of the cores analyzed.  For the welded unit (tsw39), a correction factor R of 0.21 was
used in Equation 4.  For the non-welded units, a correction factor R of 0.09 was used. The
correction factor R for nonwelded units was computed using the fracture frequency from the ESF
for ptn25 given in Table 6 and the fracture frequency computed using borehole data (see Table
II-4 in Attachment II).  For ch[2-5]Ze and ch[2-5]Vl, all of the data for the Calico Hills
hydrogeologic units were combined to give a single average value because there were little data
available for these individual units.  The resulting fracture frequencies for tsw39, ch1Ze, ch1Vl,
ch[2-5]Ze, and ch[2-5]Vl are listed in Table 6.  The details of these calculations are documented
in YMP-LBNL-GSB-MC-1.2, pp. 24-27. 

For the remaining model layers, analogs to other model layers were used.  These analogs are
listed in Table 6 under basis.  For ptn22, the analog ptn24 was used because both are non-welded
and both represent a portion of the Yucca Mountain Tuff and the data for ptn24 are from the DLS
in the ESF.  For ch6, the analog ch1Ze was used because both are part of the Calico Hills
hydrogeologic unit, include bedded tuffs, and have zeolitic alteration.  For the Prow Pass and

1.  Fracture frequencies were developed for 1997 model layers, which were defined differently than the cur-
rent UZ Model layers.
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Bullfrog hydrogeologic units, nonwelded units (pp4, pp1, bf2, and tr2) were assigned the fracture
frequencies of the Calico Hills (ch2-5Ze, ch2-5Vl).  The partially welded units (pp3, pp2, bf3, and
tr3) were assigned an adjusted value.  This value was adjusted using a ratio of surface mapping
data for the Bullfrog hydrogeologic unit (DTN:  GS930608312332.001 and
GS930608312332.002 – using a minimum fracture cutoff length of 0.7 m to characterize 80% of

the fractures gives a fracture frequency of 1.23 m-1) to surface mapping data for the Calico Hills
pyroclastic units (unit L1 of DTN:  GS970308314222.001 – using a minimum fracture cutoff

length of 1.23 m gives a fracture frequency of 0.87 m-1). The resulting fracture frequency for

these units is 0.2 m-1 as listed in Table 6 (see YMP-LBNL-GSB-MC-1.2, pp. 28-30).  The surface
mapping data were not used directly because fracturing of these exposures may not be
representative of subsurface fracturing.

The estimated mean fracture frequencies for the model layers, as listed in Table 6, range from
0.04 to 4.4 fractures/meter.  The TCw has fracturing on the order of 1 to 3 fractures/meter.  The
PTn is less fractured, with frequencies less than 1 fracture/meter.  The TSw has the most
fracturing, on the order of 1 to 4.4 fractures/meter.  The remaining units are much less fractured,
with frequencies less than 0.25 fractures/meter.  

The estimated fracture interface areas listed in Table 6 range from approximately 0.1 to 14 m2/m3

with values typically ranging from 1 to 4 m2/m3.  The model layers tsw34 and tcw12 had the
highest fracture interface areas.  For the units where borehole data were used to compute fracture
frequency, a correlation between fracture frequency and fracture interface area was used.  The
data from the ESF indicated that the relationship between the fracture interface area and
frequency is linear and has a slope of 3.06 (with zero intercept) for the data analyzed here.  This
factor was used to estimate the fracture interface area for the remaining model layers. 

Fracture aperture and fracture van Genuchten alpha (αf) are calculated using fracture frequency
and fracture permeability estimates as detailed in Equations 7 and 9.  The estimated mean
apertures are approximately 100 to 400 µm except for the model layer tcw11, which had a
relatively high fracture permeability resulting in a higher estimated fracture aperture.  The

fracture van Genuchten alpha parameters (αf) are on the order of 10-3 Pa-1.  There are relatively
large uncertainties in these values for the Calico Hills formation and lower units because little or
no fracture permeability and fracture frequency data are available.

The van Genuchten fracture m parameter (mf) is determined by fitting an analytical solution
resulting from the aperture size distribution to the fracture saturation-capillary pressure (Pcap)
curve given in Equation 8.  A non-linear least-squares fit to this curve was performed using the

software routine, CAPFIT, Version 1.0, giving fitted values of mf = 0.633 and αf =1.3 x 10-3  for
tsw34 (see YMP-LBNL-GSB-1.9, pp. 104-107).  Figure 3 compares the analytical solution with
the fitted curve.  A fitted value for m of 0.633 was used for all of the model layers. This is because
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for other model layers, the data used to determine the aperture size distributions are relatively
limited compared with tsw34. 

Figure 3.  Analytical and Fitted Curves for Fracture Capillary Pressure
(Pcap) and Liquid Saturation
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Table 6: Fracture Properties for the UZ Model Layers

UZ
Model
Layer Basisa

Fracture Frequency
(m-1)

Fracture
Intensity
(m/m2)

Aperture
(m)

Fracture
Porosity

(-)

van
Genuchten
Parameters

Basisc

Fracture
Interface

area
(m2/m3)

fb σf N α
(Pa-1)

log(αf) mf

(-)
tcw11 ESF 0.92 0.94 76 0.48 7.3E-4 2.8E-2 5.1E-3 -2.294 0.633 ESF 1.56

tcw12 ESF 1.91 2.09 1241 0.77 3.2E-4 2.0E-2 2.2E-3 -2.652 0.633 ESF 13.39

tcw13 ESF 2.79 1.43 60 0.69 2.7E-4 1.5E-2 1.9E-3 -2.728 0.633 ESF 3.77

ptn21 ESF 0.67 0.92 76 0.34 3.9E-4 1.1E-2 2.7E-3 -2.571 0.633 ESF 1

ptn22 ptn24 0.46 - - - 2.0E-4 1.2E-2 1.4E-3 -2.861 0.633 Frequency 1.41

ptn23 Borehole 0.57 - 63 - 1.8E-4 2.5E-3 1.3E-3 -2.892 0.633 Frequency 1.75

ptn24 ESF 0.46 0.45 18 0.34 4.3E-4 1.2E-2 3.0E-3 -2.529 0.633 ESF 0.34

ptn25 ESF 0.52 0.6 72 0.49 1.6E-4 6.2E-3 1.1E-3 -2.965 0.633 ESF 1.09

ptn26 ESF 0.97 0.84 114 0.32 1.4E-4 3.6E-3 9.7E-4 -3.015 0.633 ESF 3.56

tsw31 ESF 2.17 2.37 140 0.45 1.5E-4 5.5E-3 1.1E-3 -2.976 0.633 ESF 3.86

tsw32 ESF 1.12 1.09 842 0.60 2.0E-4 9.5E-3 1.4E-3 -2.864 0.633 ESF 3.21

tsw33 ESF/ECRB 0.81 1.03 1329 0.36 2.3E-4 6.6E-3 1.6E-3 -2.806 0.633 ESF/ECRB 4.44

tsw34 ESF/ECRB 4.32 3.42 10646 1.26 9.8E-5 1.0E-2 6.8E-4 -3.169 0.633 ESF/ECRB 13.54

tsw35 borehole 3.16 - 595 - 1.5E-4 1.1E-2 1.0E-3 -2.980 0.633 Frequency 9.68

tsw3[67] borehole 4.02 - 526 - 1.6E-4 1.5E-2 1.1E-3 -2.956 0.633 Frequency 12.31

tsw38 borehole 4.36 - 37 - 1.2E-4 1.2E-2 8.4E-4 -3.077 0.633 Frequency 13.34

tsw39 borehole 0.96 - 46 - 2.0E-4 4.6E-3 1.4E-3 -2.858 0.633 Frequency 2.95

ch1Ze borehole 0.04 - 3 - 2.0E-4 1.7E-4 1.4E-3 -2.852 0.633 Frequency 0.11

ch1VI borehole 0.10 - 11 - 3.0E-4 6.9E-4 2.1E-3 -2.680 0.633 Frequency 0.3
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Table 6: Fracture Properties for the UZ Model Layers (Continued)

UZ
Model
Layer Basisa

Fracture Frequency
(m-1)

Fracture
Intensity
(m/m2)

Aperture
(m)

Fracture
Porosity

(-)

van
Genuchten
Parameters

Basisc

Fracture
Interface

area
(m2/m3)

fb σf N α
(Pa-1)

log(αf) mf

(-)
ch[2345]VI borehole 0.14 - 25 - 2.6E-4 8.9E-4 1.8E-3 -2.736 0.633 Frequency 0.43

ch[2345]Ze borehole 0.14 - 25 - 1.3E-4 4.3E-4 8.9E-4 -3.051 0.633 Frequency 0.43

ch6 ch1Ze 0.04 - - - 2.0E-4 1.7E-4 1.4E-3 -2.852 0.633 Frequency 0.11

pp4 ch2VI/Ze 0.14 - - - 1.3E-4 4.3E-4 8.9E-4 -3.051 0.633 Frequency 0.43

pp3 Adjusted
ch2VI/Ze

0.20 - - - 2.4E-4 1.1E-3 1.6E-3 -2.786 0.633 Frequency 0.61

pp2 Adjusted
ch2VI/Ze

0.20 - - - 2.4E-4 1.1E-3 1.6E-3 -2.786 0.633 Frequency 0.61

pp1 ch2VI/Ze 0.14 - - - 1.3E-4 4.3E-4 8.9E-4 -3.051 0.633 Frequency 0.43

bf3 Adjusted
ch2VI/Ze

0.20 - - - 2.4E-4 1.1E-3 1.6E-3 -2.786 0.633 Frequency 0.61

bf2 ch2VI/Ze 0.14 - - - 1.3E-4 4.3E-4 8.9E-4 -3.051 0.633 Frequency 0.43

tr3 Adjusted
ch2VI/Ze

0.20 - - - 2.4E-4 1.1E-3 1.6E-3 -2.786 0.633 Frequency 0.61

tr2 ch2VI/Ze 0.14 - - - 1.3E-4 4.3E-4 8.9E-4 -3.051 0.633 Frequency 0.43

NOTE: DTN:  LB990501233129.001
aIndicates whether based on ESF data, borehole data or analog to model layer
bmean fracture frequency
cIndicates whether based on ESF data or estimated based on the fracture frequency for the model layer
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6.1.3 Fracture Porosity

Fracture porosity herein is defined as the effective porosity of fractures in which fluid flow and
solute transport take place. In this study, a combination of porosity data derived from gas tracer
tests in the ESF, and porosity estimates based on the geometry of fracture networks, are used to
develop representative fracture porosities for the UZ Model layers.  The calculation of the fracture
porosity is documented in the Scientific Notebooks YMP-LBNL-GSB-1.1.2 (pp. 85-86; 112-114)
and YMP-LBNL-MC-1.2 (pp. 9-38).

Gas tracer tests were performed in the ESF to obtain estimates of the effective fracture porosity
for the Topopah Spring middle nonlithophysal welded tuff, corresponding to the tsw34 model
layer (DTN:  LB980912332245.002). Since gas tracer travel times through the fractured rocks are
directly related to the storage of the corresponding fracture networks, analyses of tracer data can
provide reliable estimates of fracture porosity if the matrix diffusion is negligible. The porosities,
estimated from the tracer tests, are reported in DTN:  LB980912332245.002, and range from
0.006 to 0.02. These values are also consistent with those estimated from the ESF seepage test
results (Section 6.5). Based on these results, an approximate average value of 0.01 is considered
to be a reasonable, order of magnitude, estimate for fracture porosity for the model layer tsw34.

Gas tracer test data are not available for model layers other than tsw34. Alternative approaches
are available to estimate fracture porosity based on the geometry of fracturing observed in the
ESF. These geometric representations of porosity are used to apply the tsw34 value to the other
units. A so-called 2-D porosity for a model layer can be estimated using the aperture and the total
fracture length per unit area (fracture intensity). The fracture intensity is based on tracer lengths
given by the DLS in the ESF and the area enclosing the traces (see Equation 5). The equation used
to calculate the 2-D porosity is given below:   

(Eq.10)

where I is the fracture intensity (m/m2).  When no intensity data are available (in cases where the
unit does not intersect any portion of the ESF or ECRB Cross-Drift), the so-called 1-D porosity
can be estimated by assuming all fractures are continuous. The 1-D porosity is calculated by:

(Eq.11)

It is important to note that a large degree of uncertainty exists in the estimates based on Equations
10 and 11 for the following two reasons. First, the estimated apertures are “hydraulic” apertures,
and may be very different from the average geometric apertures, since they are estimated based on
the air permeability data. Second, Equations 10 and 11 only consider 2-D or 1-D geometric
features while actual fracture networks are three-dimensional. Therefore, the estimates directly
from these equations may not be reliable. However, it is reasonable to consider these estimates to
provide more reliable relative ratios of the fracture porosity for different stratigraphic units. Based
on these considerations, a fracture porosity is determined by using the corresponding estimate
from these equations to determine a ratio of fracture porosity between units. Because the porosity,

bID =−2φ

fbD =−1φ
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based on analyses of the gas tracer tests, is available for the tsw34 (0.01), this value was used with
these ratios to estimate fracture porosity for the other units:

(Eq.12)

where φtsw34 is 0.01 and φ2-D and φ1-D refer to values calculated using Equations 10 and 11,
respectively. The developed fracture porosity values for the UZ Model layers are given in Table 6.
All of these values are on the order of 1%, the value measured for tsw34. An alternative approach
would have been to use 1% for all units. Use of this scaling scheme for estimating fracture
porosities is to approximately determine the spatially variability of the porosity among the model
layers, while more rigorous approaches are not available at this point. The estimates need to be
updated when gas tracer data are available for more model layers.

6.1.4 Further Discussion of the Determination of Fracture Porosity

To clarify the defensibility and usefulness of the approach reported in Section 6.1.3, in this
section, the currently available approaches to estimate fracture porosity are briefly reviewed, the
reasoning for selecting the approach used is further discussed, and supporting evidence of validity
of the fracture porosity estimates is presented. 

As discussed in Section 6.1.3, two general approaches are available for estimating fracture
porosities in the literature. The first approach is based on field tracer transport data. Since tracer
travel times through fracture rocks are directly related to the storage of the fracture networks,
analyses of these field data are expected to provide reliable estimates for fracture porosity if the
matrix diffusion is negligible. Researchers outside the Yucca Mountain Project have also used
similar approaches. For example, inverse modeling was used to analyze a radially convergence
flow tracer test in a fractured chalk formation, resulting in a calibrated fracture porosity of 0.3 %
(National Research Council 1996, pp. 292-293). This porosity value is close to the estimates
reported in Table 6.

The second general approach is based on the geometry of a fracture network. This approach
assumes that all the fractures under consideration are connected and fracture apertures can be
exactly determined. Although, as indicated in Section 6.1.3, a large degree of uncertainty exists in
fracture porosity values estimated from this approach for several reasons, this approach has often
been used when field tracer test data are not available. For example, in their review of numerical
approaches for modeling multiphase flow in fractured petroleum reservoirs, Kazemi and Gilman
(1993, pp. 270-271 and 312-313) discuss the determination of fracture porosity based on fracture
geometry data.  

Considering that gas tracer test data are only available for one model layer (tsw34) and a large
degree of uncertainty exists when the second approach is used, the only use of one of the two
approaches can not provide reasonable estimates for fracture porosity in the whole UZ. Therefore,
in order to make the best use of the relevant data, including both gas tracer data and the fracture
mapping data, a combination of the above two approaches was used to determine fracture
porosities for the UZ (See Section 6.1.3). 
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The validity of the approach used and porosity estimates given in Table 6 are supported by the
following observations and studies:

• The average fracture porosity estimate in the highly fractured welded units is higher than 
that in the nonwelded units. 

• The average fracture porosity estimate of the TCw unit is higher than that of the TSw 
unit, and average fracture porosity estimate of the PTn unit is higher than that of the CHn 
unit. This is consistent with a reasoning that the fracture porosity decreases with the 
depth because of the stress effects.

• The calibrated fracture porosity based on the Alcove 1 infiltration test data is about 3%, 
which is close to the average estimate for the TCw unit (about 2%). The calibration based 
on Alcove 1 test data is reported in an AMR describing UZ flow model and submodels.

• The estimated fracture porosity for model layer tsw34 is similar to the value indepen-
dently estimated from water release tests performed in the same model layer, as reported 
in Section 6.5 of this AMR.

• The approach is a combination of the two approaches, both of which have been used by
scientists outside the Yucca Mountain Project. 

Based on the above discussions, the approach used to determine fracture porosity is considered to
be reasonable and defensible given the currently available data.

6.2  MATRIX PROPERTIES

Matrix properties include matrix permeability and van Genuchten (1980, pp. 892-898) parameters
used to describe water retention and relative permeability relations. They were determined from
laboratory measurements made on core samples from 33 boreholes at Yucca Mountain and from
in-situ measurements made in 4 boreholes at Yucca Mountain. Twenty-three of the boreholes
from which core samples came are shallow, variously penetrating the TCw, PTn, and top portions
of the TSw. There are eight deep boreholes from which core samples have been collected and
analyzed for the entire depth: NRG-6, NRG-7a, SD-7, SD-9, SD-12, UZ-7a, UZ-14, and UZ#16.
Six of these penetrate into the Calico Hills Formation, five penetrate into the Prow Pass Tuff, and
one, SD-7, penetrates the Bullfrog and Tram Tuffs. Core samples have also been collected from
portions of two other deep boreholes: SD-6 and WT#24. In-situ measurements of water potential
from boreholes NRG-6, NRG-7a, SD-12, and UZ#4 are used in addition to the desaturation
measurements made on cores to better characterize the relationship of saturation to water
potential. 

The sample collection and laboratory measurement methodologies as well as estimates of
uncertainty for core are described by Flint (1998, pp. 11-19) and Rousseau et al. (1999,
pp. 125-153). The in-situ water potential measurement methodology is described by Rousseau et
al. (1999, pp 143-150).

Core samples are grouped and analyzed according to the hydrogeologic units characterized by
Flint (1998, pp. 19-46). Table 3 shows these hydrogeologic units in relation to the
lithostratigraphy of GFM3.1 and the UZ Model layers. 

The calculation of matrix properties is described in Scientific Notebook YMP-LBNL-GSB-1.1.2
on pp. 70-73, 81-85 and 91-94. The calculated matrix properties are given in Table 7.
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Geologic UZ Permeability (m2) Porosity (-) van Genuchten Parameters

Layer Model N
(Flint
1998) Layer k log(k) σlog(k) N non-detect φ σφ N α (Pa-1) log(α) m (-) SEm Sr (-) Ss

CUC t c w 1 1 4.7E-15 -14.326 0.471 3 0 0.253 0.060 101 3.77E-5 -4.424 0.485 0.068 0.07 1.0

CUL - 1.3E-15 -14.894 - 1 0 0.164 0.062 98 3.76E-5 -4.425 0.649 0.116 0.23 1.0

CW t c w 1 2 2.6E-19 -18.579 1.459 39 25 0.082 0.030 599 8.80E-6 -5.056 0.253 0.028 0.19 1.0

CMW t c w 1 3 1.8E-16 -15.737 2.380 6 1 0.203 0.055 90 3.72E-6 -5.430 0.418 0.094 0.31 1.0

CNW ptn21 4.0E-14 -13.397 2.047 10 0 0.387 0.070 101 1.91E-4 -3.720 0.202 0.043 0.23 1.0

BT4 ptn22 1.9E-12 -11.728 2.379 4 0 0.439 0.125 33 2.52E-5 -4.599 0.299 0.041 0.16 1.0

TPY ptn23 1.5E-13 -12.833 1.582 3 0 0.254 0.083 43 5.46E-6 -5.263 0.405 0.076 0.08 1.0

BT3 ptn24 1.1E-13 -12.950 1.041 18 1 0.411 0.080 85 8.72E-5 -4.059 0.197 0.029 0.14 1.0

TPP ptn25 1.1E-13 -12.964 0.389 11 0 0.499 0.041 164 3.93E-5 -4.406 0.293 0.085 0.06 1.0

BT2 ptn26 6.7E-13 -12.174 1.116 21 0 0.492 0.098 170 4.01E-4 -3.397 0.216 0.037 0.05 1.0

TC t sw 3 1 2.9E-17 -16.535 3.377 10 5 0.053 0.036 71 2.41E-5 -4.618 0.278 0.036 0.22 1.0

TR t sw 3 2 3.2E-16 -15.495 0.925 47 0 0.157 0.030 439 6.35E-5 -4.197 0.269 0.032 0.07 1.0

TUL t sw 3 3 2.3E-17 -16.637 1.511 51 14 0.154 0.031 455 1.81E-5 -4.743 0.280 0.022 0.12 1.0

TMN t sw 3 4 7.5E-19 -18.124 1.965 39 28 0.110 0.020 266 3.69E-6 -5.433 0.325 0.036 0.19 1.0

TLL t sw 3 5 3.1E-17 -16.510 1.573 65 21 0.131 0.030 451 6.41E-6 -5.193 0.242 0.034 0.12 1.0

TM2 t sw 3 6 3.9E-19 -18.406 3.564 48 32 0.112 0.031 225 2.23E-6 -5.652 0.416 0.027 0.18 1.0

TM1 t sw 3 7 2.8E-19 -18.558 1.285 23 13 0.094 0.019 102 1.01E-6 -5.995 0.460 0.052 0.25 1.0

PV3 t sw 3 8 3.8E-18 -17.419 1.707 16 2 0.037 0.039 88 4.90E-7 -6.310 0.319 0.045 0.44 1.0

PV2 t sw 3 9 4.4E-17 -16.355 1.499 9 0 0.173 0.107 39 1.60E-5 -4.797 0.360 0.106 0.29 1.0

BT1a ch1Ze 1.7E-19 -18.778 0.841 8 1 0.288 0.073 36 4.06E-7 -6.391 0.339 0.071 0.33 1.0

BT1 ch1VI 2.6E-14 -13.584 1.076 16 0 0.273 0.068 43 2.91E-5 -4.535 0.337 0.035 0.03 1.0

CHV ch[2345]VI 8.9E-14 -13.050 1.639 24 0 0.345 0.035 69 7.20E-5 -4.143 0.220 0.057 0.07 1.0

CHZ ch[2345]Ze 5.4E-18 -17.269 0.890 125 17 0.331 0.039 293 8.12E-6 -5.090 0.248 0.026 0.28 1.0

BT ch6 1.0E-18 -17.995 1.608 14 8 0.266 0.041 69 3.36E-7 -6.473 0.505 0.036 0.37 1.0

PP4 pp4 4.4E-17 -16.356 2.275 10 2 0.325 0.045 47 1.80E-7 -6.744 0.684 0.042 0.28 1.0

PP3 pp3 6.6E-15 -14.179 0.940 55 0 0.303 0.044 166 7.89E-5 -4.103 0.337 0.038 0.10 1.0

PP2 pp2 5.2E-17 -16.286 0.920 25 0 0.263 0.073 140 3.39E-6 -5.470 0.376 0.032 0.18 1.0

PP1 pp1 4.2E-17 -16.376 1.454 40 4 0.280 0.053 245 3.22E-6 -5.493 0.401 0.059 0.30 1.0

BF3 b f 3 3.9E-15 -14.414 1.815 5 1 0.115 0.041 86 1.69E-6 -5.771 0.416 0.082 0.11 1.0

BF2 b f 2 3.9E-17 -16.410 2.669 5 3 0.259 0.085 65 2.49E-7 -6.603 0.585 0.040 0.18 1.0

DTN: LB990501233129.001, LB991091233129.005

Table 7. Matrix Properties Developed From Core Data (Note that permeability for layer CUL is not upscaled, and this 
layer is not used in the UZ Model)  
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6.2.1  Matrix Permeability

Matrix permeability has been measured on 750 core samples from 8 boreholes (including SD-6
and WT#24) at Yucca Mountain. Measurements are available for layers from the CUC down to
the BF2 (Table 7). Two different permeameters were used to measure permeability. The detection
limit of the first is higher than the second. Most of the samples were tested using the first
permeameter. The second was used to test some new samples and retest some old samples tested
using the first permeameter, including some with permeabilities too low to measure (non-detect
results). When the same sample was tested on both permeameters, the permeability measured on
the one with the lower detection limit is used. This is because the permeameter with the lower
detection limit is expected to result in a more reliable measurement.   

The measured data are presented in terms of saturated hydraulic conductivity (m/s), K, which is

converted to permeability (m2), k, by the following relationship

(Eq.13)

where µw is the viscosity of water (0.001 N s/m2), g is the acceleration of gravity (9.81 m/s2), and

ρw is the density of water (998 kg/m3).

Permeability is considered to be a log normally distributed quantity. Therefore the geometric
mean is used to represent the average permeability of each model layer. The standard deviation of
the log transformed permeabilities, log(k), is used as the basis for uncertainty, which is detailed
below. Where there are no non-detect measurements in the data set for a layer, the calculation of
the average and standard deviation of the data is simple. When there are non-detect measurements
present, it is important to take them into account because they may represent important
information about the extent of the lognormal distribution below the detection limit. They are
taken into account as follows: 

1. All data points, including non-detects, are ranked and assigned a percentile. 

2. Those data points that the first permeameter could measure are fit to a lognormal
distribution based on their percentile ranking. The fitting parameters are kg, the geometric
mean of the permeability data, and σlog(k), the standard deviation of the log transformed
permeability data.

3. Data points, that could be measured with the second permeameter, but not the first one,
are re-ranked to fall as close to the lognormal distribution as possible.

4. All data points, except non-detects, are fit to a lognormal distribution as in step 2.

5. Steps 3 and 4 are repeated if necessary.

While steps 3 and 4 are somewhat circular from a logical standpoint, this method allows all
valued data points to contribute fully to the calculation of the mean and standard deviation.
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The geometric mean permeabilities calculated above represent the average behavior of the
core-scale samples. For a given model layer, this averaged permeability can be very different
from the effective matrix permeability used to represent large-scale water flow and solute
transport due to the scale effects (e.g., Paleologos et al. 1996, Figure 4, p. 1337). While many
upscaling schemes are available in the literature, a scheme for highly heterogeneous porous media
is described by the following expression (Paleologos et al. 1996, p. 1336)

            (Eq.14)

where ke is the effective permeability, kg is the geometric mean of small (core) scale permeability,

σln(k)
2 is the variance of the natural log transformed permeability, and D is a function of spatial

dimensions (e.g. 2-D and 3-D) and the correlation scale of ln(k). Note that the geometric mean
permeability is not the same as the effective permeability in a general case. For a 3-D isotropic
problem, D = 1/6 when the characteristic size of a flow domain under consideration (say, a model
layer) is much larger than the correlation length (Paleologos et al. 1996, p. 1336). For a site-scale
model layer, these conditions are approximately satisfied. In this case, Equation 14 can be
rewritten as

                                             (Eq. 15)

where σlog(k)
2 is the variance of the log transformed permeability. 

In these layers, the amount of upscaling predicted by Equation 15 is as large as five orders of
magnitude while the average predicted upscaling for all layers is 1.2 orders of magnitude. An
upper limit of 1.5 orders of magnitude upscaling is imposed on layers CMW, CNW, BT4, TC,
TM2, PP4 and BF2. For all other layers, the amount of upscaling predicted by Equation 15 is less
than 1.5 orders of magnitude. Use of this limiting scheme is mainly based on the following
consideration. Equation 15 was developed for a porous medium (single continuum), and can only
be considered as an approximation for a dual-continua system. For example, the existence of
fractures, which may act as a capillary barrier, can increase tortuosity  of liquid water flow in the
matrix, and therefore reduce the effective permeability compared with the case without fractures.
This situation is not considered in Equation 15. A rigorous upscaling scheme for the matrix has
not been developed yet for the unsaturated fractured rocks.   

6.2.2  Porosity

Matrix porosity has been measured on 4888 core samples from boreholes (not including SD-6 and
WT#24) at Yucca Mountain. Porosity is determined after drying samples in a 105 °C oven for at
least 48 hours in order to obtain a standard dry weight (Flint 1998, p. 17).  Porosity is considered
to be a normally distributed quantity, so the arithmetic mean of core measurements and standard
deviation are used to characterize the porosity for a model layer. 

ke kg σ k( )ln
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6.2.3  Matrix van Genuchten Parameters

The relationships described by van Genuchten (1980, pp. 892-893) are used to characterize
unsaturated flow in the matrix of Yucca Mountain. Use of the water potential vs. saturation
relationship allows the prediction of the relative permeability relationship. This technique is used
to describe the unsaturated flow at Yucca Mountain. Preliminary evidence from Yucca Mountain
core suggests that this approach is valid; those data will be addressed in a future revision of this
document.

van Genuchten parameters are Ss (satiated saturation), Sr (residual saturation), α, and m. Satiated
Saturation is assumed to be 1.0, i.e. it is assumed that there is no residual gas saturation. Residual
saturation is calculated based on two porosity measurements as described below. With satiated
and residual saturation fixed, α and m are varied to fit water potential and saturation data. 

6.2.3.1  Residual Saturation

Residual saturation is determined from relative humidity (RH) porosity and total porosity. RH
porosity is measured after drying a sample for 48 hours in a 60 °C and 65% relative humidity
oven. This process is designed to remove water from the pores that contributes to flow leaving
only bound water and water in the smallest pores (Flint 1998, p. 17). Layer average values for RH
porosity are calculated in the same manner as total porosity (see Section 6.2.2). The layer average
values of RH porosity are subtracted from the layer average values of total porosity to provide an
estimate of residual water content or the amount of water left in the pores and bound to the
minerals after relative permeability has been reduced to zero. Residual saturation is calculated by
dividing the residual water content by total porosity.

6.2.3.2 Matrix  α and m

Desaturation data, water potential and saturation measured at several times while a core sample is
drying, from seventy-five samples, at least one for each layer, are used to calculate the α and m
fitting parameters for each layer. The best-fit parameters are obtained by minimizing the sum of
the squared saturation residuals,

                                  (Eq. 16)

where ri is a saturation residual, n is the number of saturation and water potential data pairs for a
layer, Si is a saturation data point, and S(Ψi) is the saturation predicted by the van Genuchten
relationship for a water potential, Ψi.

The uncertainty or standard error of α and m is given by the diagonal terms of the covariance
matrix,

                                                    (Eq.17)                                                  
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where C is the covariance matrix, s0
2 is the error variance, and J is the jacobian matrix. It should

be noted that standard error, SE, can be related to the standard deviation, σ, which is given for
other properties, by

                       (Eq.18)

Because the data used to estimate α and m are from laboratory desaturation experiments, the
estimate of α represents a lower bound of the average wetting and drying behavior. A better
estimate of this average behavior can be obtained by forcing the water potential curve through
saturation and water potential data representing field conditions. In-situ measurements of water
potential are available from several boreholes. Field saturation conditions are adequately
represented by saturation measurements from core.

In-situ water potentials are averaged for 15 layers from measurements in four boreholes, NRG-6,
NRG-7a, SD-12, and UZ#4. In-situ measurements from UZ#5 are not included because this
borehole is sited next to UZ#4 and using data from both boreholes would bias the layer averages.
Measurements from UZ-7a are not used because this borehole is sited in the Ghost Dance fault
where water potential is influenced by water and gas flow in the fault.

Saturation measurements on core from five deep boreholes, SD-7, SD-9, SD-12, UZ-14, and
UZ#16, are averaged for the same 15 layers. Saturation measurements from NRG-6 and NRG-7a
are not used because the samples were not properly handled (Rousseau et al. 1999, p. 139).
Measurements from UZ-7a were not used because of its siting in the Ghost Dance fault.

The m value estimated from the desaturation data is not changed, while α is re-estimated based
solely on the field condition data.  For the layers with no field condition data, an analogously
modified parameter, α’, is calculated by 

                                                                                                     (Eq.19)

where αd’ is the estimate of α for that layer from desaturation data and c is a modification factor
given by

                                                                                            (Eq.20)

where n is either the number of welded or non-welded units with field condition data, αI,i is the
estimate of α from field condition data for unit i, and , αd,i is the estimate of α from desaturation
data for unit i. These calculations are carried out separately for welded and non-welded units.The
welded units are CUC, CUL, CW, CMW, TC, TR, TUL, TMN, TLL, TM2, TM1, PV3, PV2, PP3,
PP2, and BF2 (Table 3). The non-welded units are CNW, BT4, TPY, BT3, TPP, BT2, BT1a, BT1,
CHV, CHZ, BT, PP4, PP1, and BF3. For the non-welded units c = 2.14, and for the welded units
c = 4.74.
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6.3 THERMAL PROPERTIES

Thermal properties include rock grain density, dry and wet rock thermal conductivities,   rock
grain specific heat, and tortuosity coefficient. These properties are basic inputs into model studies
involving heat flow. The approaches to determine the thermal properties are documented in
Francis (1997).  For completeness, these approaches are briefly reviewed herein.

The wet and dry thermal conductivities for a lithostratigraphic unit were calculated by averaging
the conductivity measurements made within the unit. If existing experimental data for the
conductivity were found to be incomplete for a unit, a multiple linear regression analysis was used
to estimate the conductivity value. Special considerations were also given to the lithophysal units.
The grain density was determined from the core measurements and the grain specific heat was
generally calculated from the measured thermal capacitance data. Due to the lack of experimental
data for the tortuous diffusion coefficient in the rock of Yucca Mountain, a representative value of
0.7 for the tortuosity coefficient, obtained from the literature, was assumed to be applicable for all
the units (Francis 1997, p.5). The developed thermal property data for all the lithostratigraphic
units based on these approaches are given in DTN:  SNT05071897001.012.

The thermal properties for the UZ Model layers are developed from the thermal property data
(DTN:  SNT05071897001.012) by correlating the geological units with each model layer (Table
3). When a UZ Model layer is composed of two or more adjacent lithostratigraphic units, the
averaging technique of Francis (1997, pp. 5-7) is used for estimating the properties while
assuming an equal thickness for all the relevant units. This technique was developed based on an
assumption that heat flow is one-dimensional and in a direction normal to interfaces between the
units under consideration. This is appropriate because heat flow in the ambient system and in the
disturbed system (during repository heating) at Yucca Mountain is dominantly vertical. With this
assumption, the corresponding equivalent thermal conductivity (λwet or dry, eq), grain density
(ρg,eq), and heat capacity (Cp,eq ) are calculated using the following equations (Francis 1997, pp.
5-7):   

                              (k = wet or dry)   (Eq.21)

                                                                                    (Eq.22)

                                                                             (Eq.23)
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where n is the total number of the involved lithostratigraphic units, and λg,i, ρg,i and Cp,i are heat
conductivity, grain density and heat capacity, respectively, for a lithostratigraphic unit i. Note that
these equations are derived from those of Francis (1997, pp. 5-7) by assuming an equal thickness
for all the relevant units within a model layer. The determined thermal properties for the UZ
Model layers are given in Table 8. The determination of the properties is described in Scientific
Notebook YMP-LBNL-YSW-WZ-1 on pages 57-64.

Table 8.  Thermal Properties and Tortuosity Factor for the UZ Model Layers  

Model Layer
Grain Density 

(kg/m3)

Specific 

Heat (J/kg K)

Dry 

Conductivity 

(W/m K)

Wet 

Conductivity 

(W/m K)

Tortuosity (-)

tcw11 2550 823 1.60 2.00 0.7

tcw12 2510 851 1.24 1.81 0.7

tcw12 2470 857 0.54 0.98 0.7

ptn21 2380 1040 0.50 1.07 0.7

ptn22 2340 1080 0.35 0.50 0.7

ptn23 2400 849 0.44 0.97 0.7

ptn24 2370 1020 0.46 1.02 0.7

ptn25 2260 1330 0.35 0.82 0.7

ptn26 2370 1220 0.23 0.67 0.7

tsw31 2510 834 0.37 1.00 0.7

tsw32 2550 866 1.06 1.62 0.7

tsw33 2510 882 0.79 1.68 0.7

tsw34 2530 948 1.56 2.33 0.7

tsw35 2540 900 1.20 2.02 0.7

tsw36 2560 865 1.42 1.84 0.7

tsw37 2560 865 1.42 1.84 0.7

tsw38 2360 984 1.69 2.08 0.7

tsw39 2360 984 1.69 2.08 0.7

ch1Ze 2310 1060 0.70 1.31 0.7

ch1VI 2310 1060 0.70 1.31 0.7

ch[2-5]Ve 2240 1200 0.58 1.17 0.7

ch[2-5]Ze 2350 1150 0.61 1.20 0.7

ch6 2440 1170 0.73 1.35 0.7

pp4 2410 577 0.62 1.21 0.7

pp3 2580 841 0.66 1.26 0.7

pp2 2580 841 0.66 1.26 0.7

pp1 2470 635 0.72 1.33 0.7

bf3 2570 763 1.41 1.83 0.7

bf2 2410 633 0.74 1.36 0.7

Submitted with this AMR under DTN: LB99109123129.006
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6.4 FAULT PROPERTIES

The UZ Model represents faults as having four layers that are defined by the major hydrogeologic
units (HGU), TCw, PTn, TSw, and CHn/CFu. The constituent sub-layers of these HGUs are
shown in Table 3. Fault properties are calculated for these four layers. In other words, we assumed
that each HGU has the uniform properties within faults to reduce the number of fault properties.
This is mainly because data to characterize faults are very limited.

Direct measurements of fault specific properties are limited to air injection tests performed in
alcoves 2, 6 and 7, the Bow Ridge fault Alcove, North Ghost Dance fault Access Drift, and South
Ghost Dance fault Access Drift, respectively. Analysis of cross-hole tests run in the Bow Ridge
fault Alcove (LeCain 1998, p. 21) and the North Ghost Dance fault Access Drift
(DTN: GS990883122410.002) give the best estimates of fracture permeability in the TCw and
TSw fault layers, respectively.

All other fault properties are calculated directly as averages of non-fault layer properties or using
these averages. Some layers are much thicker than others and therefore the properties of those
layers should be weighted more heavily when calculating the fault properties. Properties are
weighted by their respective average layer thickness. Some properties are arithmetically averaged
(e.g. porosity),

                                                                                      (Eq.24)

where pa is the weighted arithmetic average property, n is the number of layers being averaged, pi
is the property for layer i, and Li is the thickness of layer i. Other properties are more
appropriately harmonically averaged (e.g. permeability),

                                                                                       (Eq.25)

where ph is the weighted harmonic average property.

Layer thickness is estimated as the average (arithmetic) layer thickness over the GFM3.1 model
(DTN: MO990LMWDGFM31.000) area. The GFM3.1 model area is slightly larger than the UZ
Model area but will provide a reasonable approximation of the average layer thickness over the
UZ Model area.

It should be indicated that a more rigorous way to estimate the fault properties is to correlate them
with geologic information specific to each fault being modeled and to individual locations within
each fault, such as amount of fault offset, width of the disturbed zone, and presence of contacts
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with significant property changes. This alternative approach, however, requires the development
of relationships between hydraulic properties and geologic information that can not be reliably
estimated for the given limited data regarding fault properties.

The calculation of fault properties is described in Scientific Notebook YMP-LBNL-GSB-1.1.2 on
pages 117-127 and 145-146. The calculated fault matrix and fracture properties are given in
Tables 9 and 10, respectively. 

6.4.1  Matrix properties

Because flow is generally perpendicular to the bedding at Yucca Mountain, it is appropriate to use
the harmonic mean to calculate the effective permeability. Calculation of the weighted harmonic
mean is as shown in Equation 25. Effective matrix porosity is calculated using a weighted
arithmetic average (Equation 24).

The most accurate way to calculate the matrix van Genuchten parameters for faults would be to
recalculate them using the composite data sets for each of the major HGUs and the process used
for the matrix van Genuchten parameters in Section 6.2.4. However this process would be
complicated (but still possible) by the necessity to weight the data by the respective layer
thickness. A much simpler way that still provides a good approximation of this process is to take
the weighted average of each individual parameter.

Equivalent satiated and residual saturation and m are calculated using a weighted arithmetic
average (Equation 24). The van Genuchten parameter α is approximately the inverse of an air
entry pressure. The equivalent air entry pressure would be calculated using the weighted
arithmetic mean. It can be shown that the weighted arithmetic mean of 1/pi is equal to the
harmonic mean of pi, so the weighted harmonic mean of α is used to calculate the equivalent α for
the faults.

6.4.2  Fracture Properties

Fracture permeability for the TCw and TSw fault layers is given by the cross-hole air injection
tests described above. Permeability for the PTn and CHn/CFu fault layers is calculated by scaling
the weighted average bulk rock fracture permeability. As with the matrix permeability, equivalent

Table 9. Calculated Fault Matrix Properties   

Model 

Layer

Permeability 

(m2)

Porosity

(-)

 van Genuchten 

α (Pa-1)

 van 

Genuchten 

m (-)

Residual 

saturation 

Sr (-)

Satiated 

saturation 

Ss (-)

tcwf 2.7E-19 0.086 8.35E-6 0.260 0.20 1.00

ptnf 1.2E-13 0.446 3.68E-5 0.255 0.10 1.00

tswf 1.8E-18 0.127 3.18E-6 0.296 0.16 1.00

chnf 4.0E-18 0.259 9.79E-7 0.386 0.23 1.00

DTN: LB990501233129.001
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fracture permeability is calculated for all four fault layers using the weighted harmonic mean of
permeabilities for the corresponding non-fault model layers. The average (geometric mean) ratio
of the measured permeability to the calculated equivalent permeability for layers TCw and TSw is
calculated. This factor multiplies the calculated equivalent permeability of the PTn and CHn/CFu
layers to scale them up. This process is equivalent to the process used to scale bulk rock matrix α,
which is explained in Section 6.2.

Equivalent fracture spacing, equal to the inverse of fracture frequency, can be calculated using the
weighted arithmetic mean. Again, it can be shown that the weighted arithmetic mean of 1/pi is
equal to the harmonic mean of pi, so the weighted harmonic mean of frequency is used to
calculate the equivalent frequency for the faults.

Fracture aperture is calculated as in Section 6.1 (using Equation 7) based on the cubic law and the
fault permeabilities and frequencies.

Fracture porosity is determined by scaling the weighted arithmetic mean of bulk rock fracture
porosity. The scaling factor is the ratio of fault fracture aperture to mean bulk rock fracture
aperture. The mean bulk rock fracture aperture is calculated as the weighted arithmetic average of
fracture aperture.

The fracture van Genuchten m (mf) is assumed to be 0.633 as for all other fractures (see Section
6.1). The fracture van Genuchten α (αf)  is calculated based on the fracture aperture using
Equation 9 as documented in Section 6.1.

The fracture to matrix connection area for the faults is approximated as the weighted arithmetic
mean of bulk rock fracture to matrix connection area.

6.4.3  Thermal Properties

Thermal conductivity, both wet and dry, are calculated as the weighted harmonic mean of bulk
rock thermal conductivity (Francis 1997, p. 6). This is appropriate because heat flow in the
ambient system and in the disturbed system (during repository heating) at Yucca Mountain is
dominantly vertical. The tortuosity factor is assumed to be the same as non-fault model layers.
Grain density is calculated as the weighted arithmetic mean (Francis 1997, p. 7).

Table 10.  Calculated Fault Fracture Properties 

Model 

Layer

Permeability 

(m2)

Porosity

(-)

Aperture 

(m)

Frequency 

(m-1)
αf (Pa-1)  mf (-)

Interface area 

(m2/m3)

tcwf 2.7E-11 4.4E-2 5.5E-4 1.90 3.8E-3 0.633 1.3E+1

ptnf 3.0E-12 1.6E-2 4.0E-4 0.54 2.8E-3 0.633 1.3E+0

tswf 1.5E-11 3.6E-2 4.7E-4 1.70 3.2E-3 0.633 8.6E+0

chnf 3.6E-13 1.6E-3 3.3E-4 0.13 2.3E-3 0.633 4.7E-1

DTN: LB990501233129.001
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Equivalent grain heat capacity, Cp,eq, for the fault layers is calculated by (Francis 1997, p. 7):

(Eq.26)

where Cp,i is the grain heat capacity of layer i, and ρg,i is the grain density of layer i. The devel-

oped thermal properties are given in the bottom portion of Table 11.

6.5 CONFIRMATION OF FRACTURE PROPERTIES

Uncertainties generally exist in the estimated rock properties due to the data availability and
limitations of the estimation procedures used. This is particularly true for the fracture properties,
since these properties, such as fracture van Genuchten parameters and porosity, are not directly
measured, but indirectly estimated from other property measurements. In addition to model
calibration, it is useful to confirm the appropriateness of the estimated properties based on
independent methods and the relevant data. In this subsection, the ESF seepage test results are
used to determine fracture van Genuchten α and porosity for the confirmation purpose. The
determination procedures are very different from those used in Section 6.1 of this report. The
calculation is documented in a Scientific Notebook YMP-LBNL-GSB-LHH-2 (pp. 64-66).

6.5.1  ESF Seepage Tests

After Niche 3650 (Niche 2) in the ESF was excavated, a series of seepage tests were performed by
pumping water into boreholes labeled UL, UM and UR that were located above the niche. Water
was released into a number of intervals in these boreholes. Tracers were also introduced during
the seepage tests. As test observations, water entering the niche was captured, and the water
arrival times were recorded during the tests. Based on water seepage rates and the corresponding
water release fluxes for a given test interval, a seepage threshold flux could be determined (DTN:
LB980901233124.003).  The threshold flux is defined as the water-release flux within a test
interval at which seepage into the niche no longer occurred. The threshold water flux and water

Table 11.  Calculated Fault Thermal Properties and Tortuosity Factor  

Model 

Layer

Grain Density 

(kg/m3)

Specific Heat

 (J/kg K)

Dry Conductivity 

(W/m K)

Wet 

Conductivity 

(W/m K)

Tortuosity (-)

tcwf 2508 851 1.18 1.75 0.7

ptnf 2330 1156 0.36 0.81 0.7

tswf 2519 901 1.12 1.88 0.7

chnf 2455 870 0.75 1.35 0.7

Submitted with this AMR under DTN: LB991091233129.006
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arrival time data are the primary data used for determining van Genuchten fracture α (αf) and
porosity. The test sites were located at the fractured middle nonlithophysal zone of the Topopah
Spring welded unit, corresponding to the UZ Model layer tsw34. 

6.5.2  Approaches

The approach to determine van Genuchten fracture α from the seepage test results is based on the
theory of Philip et al. (1989). They developed analytical solutions of water exclusion from, or
entry into, cavities from downward seepage through an unsaturated porous media. The underlying
assumptions they used are as follows (Philip et al. 1989, pp.16-23): 

First, liquid water flow is downward and steady, and the concerned porous medium is isotropic
and homogeneous. To be consistent with this assumption, in our analyses we only used the results
for the seepage tests associated with fracture networks. This is because a fracture network may be
conceptualized as a continuum such that the solutions developed for porous media can be
approximately applied. Data in DTN:   LB980901233124.003 indicated that the tests were
associated with either connected fracture networks or individual vertical fractures (or small
groups of vertical fractures). Studies documented in an AMR describing seepage calibrated model
and seepage testing data also support the use of the continuum approach for dealing with seepage
at the same scale.

Second, Philip et al. (1989, pp. 16-18) assumed that the flow domain is infinite in extent and flow
velocity in the upstream is spatially uniform. It is important to note that in the seepage tests, the
flow patterns between the test intervals in the boreholes above Niche 3650 (Niche 2) and the
niche were localized in extent, as will be documented in an AMR   describing in-situ field testing
of processes.  However, liquid water flow in a fracture continuum is largely dominated by gravity
and the capillary dispersion effects are weak. Therefore, it is not unreasonable to use the theory of
Philip et al. (1989) for analyzing the localized tests for fracture networks.     

Third, Philip et al (1989, p.18) assumed that there exists a functional relation between unsaturated
hydraulic conductivity, K(Ψ) (m/s), and moisture potential, Ψ (m), that is exponential in nature.

 (Eq.27)

where K0 (m/s) is the hydraulic conductivity at a referential water potential Ψ0 (m), and α’ (m-1)
is the sorptive number. In this study, we treat K0 as the saturated hydraulic conductivity, and
therefore Ψ0 = 0 by definition. The sorptive number is a constant for a homogeneous porous
medium, and usefully characterizes the capillary properties of the medium in unsaturated flow
(Philip et al. 1989, p.18). This number can be used to determine van Genuchten alpha, which will
be discussed later on.

According to Philip et al. (1989, p.19; p.23), the threshold water flux, K0* (m/s), can be related to
the saturated hydraulic conductivity K0 as

 (Eq.28)
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with s = (1/2)αll, where l (m) is the radius for a circular cylindrical cavity. For the ESF seepage
tests, it is the radius of the niche. Under a condition that s is large (or capillary effects are weak),
ϑmax can be expressed as (Philip et al. 1989, p.23)

(Eq.29)

Based on Equations 28 and 29 a sorptive number, α’, can be estimated from known saturated
conductivity and threshold flux values for a given seepage test. The sorptive number values
estimated are given in the data set (DTN: LB980901233124.003). 

The sorptive number can be related to van Genuchten fracture α (αf) by the following curve
fitting procedure. Based on the definition of relative permeability, Equation 27 leads to a relative
permeability (k) relation

 (Eq.30)

where P (Pa) is the capillary pressure, g (m/s2) is the gravitational acceleration, and ρ (kg/m3) is
the liquid water density.  van Genuchten (1980) relations result in

 (Eq.31)

where n and m=1-1/n are van Genuchten parameters, and p* is a dimensionless capillary pressure
defined by

 (Eq.32)

In terms of p*, Equation 30 can be rewritten as 

 (Eq.33)

For a given fracture m (mf) value and a range of p* values, α’/(ρgαf) can be estimated by fitting
Equation 33 through a number of data points calculated from Equation 31. Since α’ is known, the

corresponding αf (Pa-1) can be easily estimated. 

In addition to determining the van Genuchten fracture α, the seepage test results can be used to
estimate volumetric water content of the fracture continuum. The estimated saturated water
contents provide useful information for confirming fracture priorities estimated in Section 6.1 of
the report.
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Under conditions that water flow is one-dimensional and the wetting front has a constant velocity,
the depth of the wetting front can be determined as

 (Eq.34)

where zp (m) is the depth from the water supply source to the wetting front, t (s) is the arrival time
of the front at depth zp, qs is the constant flux of water supplied at the source, and θr is the residual
water content, and θav is the average volumetric water content between the source and the wetting
front. For the seepage tests, zp and t can be considered as the distance between the source and the
ceiling of the niche, and the wetting front arrival time at the ceiling, respectively. Assuming  θr =
0, θav can be estimated for each seepage test. The estimated (θav - θr) values are reported in DTN:
LB980901233124.003. Note that the conditions for Equation 34 to hold are approximately
satisfied when the capillary effects are weak, which is the case for water flow in fractures. 

Finally, it should be indicated that in the above discussions, the matrix imbibition was ignored.
This is because for the given temporal and spatial scales of the seepage tests, the matrix
imbibition is expected to be insignificant compared with the amount of water flowing through
fractures.  

6.5.3  Results and Discussion 

The van Genuchten fracture α values estimated from the seepage test results are given in Table
12. To estimate these values, we applied the curve fitting procedure for p* ≤ 5 based on the
following considerations. First, van Genuchten fracture α is closely related to the air entry
pressure, which is mainly characterized by capillarity and relative permeability data at large
saturations (or small capillary pressures). Therefore, it is appropriate to perform the curve fitting
for a range of p*, corresponding to relatively small capillary pressure values, in order to estimate
the van Genuchten fracture α. Second, assuming a unit hydraulic head gradient condition, the
water release flux at the source for a given seepage test can be considered as the unsaturated
hydraulic conductivity. In this case, the ratio of the water release flux to the saturated hydraulic
conductivity is an approximation of the relative permeability. The natural logs of the calculated
ratio for the relevant seepage tests based on the data in DTN:  LB980901233124.003 are larger
than –5. In this case, p* ≤ 5 results in relative permeability values that are adequate to cover this
range (Figure 4). We also used mf = 0.633 for the curve fitting. The determination of this m value
was given in Section 6.1 of this report.  The curve fitting results are shown in Figure 4. 

Table 12. Log Values of van Genuchten Fracture α Estimated from the ESF Seepage Tests (Niche 3650)

Borehole (Depth(m))a Log(αf)
b

UL (7.01-7.32) -3.31

UM (4.27-4.57) -2.73

UM (5.49-5.79) -2.90
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Table 12 shows that the estimated fracture alpha value varies for different test locations due to the
heterogeneities. However, the average log(αf) value is –3.16, which is very close to the log(αf)
value of -3.17, determined from air permeability data for UZ Model layer tsw34. As indicated
before, the test sites are located in zones represented by the model layer tsw34. It is encouraging
that independent approaches used to estimate the fracture α based on different data sets lead to
similar fracture α values. This indicates that the approach used to estimate fracture α based on the
air permeability data and the resultant fracture α values, reported in Section 6.1 of this report, are
reasonable.

Figure 4.  Graph of fitting of Equation 33 to Equation 31 using a number of data points for 
p* < 5 

Borehole (Depth(m))a Log(αf)
b

UR (4.27-4.57) -3.10

UR (4.88-5.18) -2.69

UR (5.49-5.79) -4.23

average -3.16

NOTES:  aUL – upper left; UM – upper middle; UR – upper right.
bLog(αf) is calculated using α’ data (DTN: LB980901233124.003).

Table 12. Log Values of van Genuchten Fracture α Estimated from the ESF Seepage Tests (Niche 3650)
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The data from DTN:  LB980901233124.003 include values of the fracture water content change
for the seepage tests. As discussed before, this change is equal to the average volumetric water
content when assuming zero residual water content. Herein, we are interested in the water content
values under the saturated condition or when the liquid water release flux at the source is close to
the saturated hydraulic conductivity. In these cases, the fracture networks are or should be nearly
saturated, and therefore, the water content values are good approximations of the corresponding
fracture porosities. Three water content values of this kind were given in DTN:
LB980901233124.003. They are 0.0242, 0.0124 and 0.0024, respectively, and the average value
is 0.013. The fracture porosity for the model layer tsw34, determined in Section 6.1, is 0.01 and
close to this average value. Again, this confirms that the fracture porosity values developed in
Section 6.1 are reasonable.
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7.  CONCLUSIONS

Methodologies have been described for providing representative estimates of fracture and matrix
properties for UZ Model layers based on the relevant data.  The fracture and matrix properties
developed here were submitted to the Technical Data Management System (TDMS) under DTN:
LB990501233129.001 and DTN: LB991091233129.005.  The thermal properties developed here
were submitted to the TDMS under DTN: LB991091233129.006. The estimated properties are
also documented in this report for use as the prior information and initial estimates in the
inversion processes in an AMR documenting calibrated properties model. The resultant fracture
spacing is an important input for the development of the UZ Model grids. The independent
determination of fracture properties based on ESF seepage test results confirms the
appropriateness of the estimated fracture properties and the procedures used for the estimation. 

Like many field-scale problems, data availability and limitations of approaches for upscaling flow
parameters, directly from small-scale measurements, are major sources of uncertainties in the
estimated hydraulic properties. It is particularly true for the unsaturated fractured rocks due to the
complexity of the flow processes involved. To reduce the uncertainties, model calibrations are
generally needed. The calibration is discussed in an AMR describing calibrated properties model.
Therefore, it should be emphasized that flow parameter estimates reported herein are only
developed as inputs into model calibrations, and should not be directly used for modeling UZ
flow and transport processes without careful evaluations. 

This document may be affected by technical product input information that requires confirmation.
Any changes to the document that may occur as a result of completeing the confirmation activities
will be reflected in subsequent revisions. The status of the input information quality may be
confirmed by review of the DIRS database. The impact of modifications or inability to verify
these data may be minimal, because the results of this AMR are primarily used as prior
information (input) to the calibration process and changes in these inputs as a result of the
verification process are not expected to be substantial. Therefore, changes in property values will
not result in substantial changes in the final calibrated values. The data that support the properties
that are not calibrated (fracture porosity, fracture frequency and thermal properties) may have a
greater impact because these properties represent final values used for flow and transport
simulations.
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04/23/1998.

LB980001233124.002.  Air Permeability Testing in Niches 3566 and 3650.  Submittal date:  04/
23/1998.

LB980120123142.004.  Air Injections in Boreholes 57 through 61, 74 through 78, 185 and 186 in
the Drift Scale Test Area.  Submittal date:  01/20/1998.  

LB980120123142.005.  Hydrological Characterization by Air Injections Tests in Boreholes in
Heated Drift in DST.  Submittal date:  01/20/1998.  

LB980901233124.001.  Pneumatic Pressure and Air Permeability Data from Niches 3107 and
4788 in the ESF from Chapter 2 of Report SP33PBM4:  Fracture Flow and Seepage Testing in the
ESF, FY98.  Submittal date:  09/14/1998.  

LB980901233124.002.  Laboratory Imbibition, Tracer, and Seepage Tests in Niches 3566, 3650,
3107, and 4788 in the ESF.  Submittal date:  09/14/1998.  
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LB980901233124.003.  Liquid Release and Tracer Tests in Niches 3566, 3650, 3107, and 4788 in
the ESF.  Submittal date:  09/14/1998.  

LB980912332245.002.  Gas Tracer Data from Niche 3107 of the ESF.  Submittal date:  09/30/
1998.  

LB991091233129.005.  Hydrologic Properties Data - Number of Matrix Permeability Non
Detects for AMR U0090, "Analysis of Hydrologic Properties Data."  These Data are also
Associated with AMR U0035, "Calibrated Properties Model."  Submittal date:  10/22/1999.

MO9901MWDGFM31.000.  Geologic Framework Model.  Submittal date:  01/06/1999.  

SNF29041993002.084. Yucca Mountain Site Characterization Project Core Hole Rock Structural
Data Summaries for Boreholes UE25 NRG-1, -2, -2A, -2B, -3, -4, -5; and USW NRG-6 and 7/7A,
Revision 2.  Submittal date:  07/09/1996. 

SNT05071897001.012. Source Data for Base Case Thermal Property Data for TSPA-VA (Total
System Performance Assessment-Viability Assessment) (VA supporting data).  Submittal date:
05/25/1999.  

TM000000SD12RS.012. USW SD-12 Composite Borehole Log (0.0' - 1435.3') and Weight Logs
(1,438.8 - 2,151.7').  Submittal date:  09/08/1995.  

8.4 OUTPUT DATA, LISTED BY DATA TRACKING NUMBER

LB990501233129.001.  Fracture Properties for the UZ Model Grids and Uncalibrated Fracture
and Matrix Properties for the UZ Model Layers for AMR U0090, "Analysis of Hydrologic
Properties Data."  Submittal date:  08/25/1999.

LB991091233129.006.  Thermal Properties and Tortuosity Factor for the UZ Model Layers.
Submittal date:  10/15/1999.
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MOL.19961106.0109.
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Moisture Study: Phase 1 Report on Flux Threshold Determination, Air Permeability Distribution,
and Water Potential Measurement, Version 1.0.  Wang, J.S.Y. ed.  Milestone Report SPC315M4.
Berkeley, California:  Lawrence Berkeley National Laboratory.  ACC:  MOL.19980806.0713.
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Report OS327322D1.  Berkeley, California:  Lawrence Berkeley National Laboratory.  ACC:
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Tsang, Y.W. and Cook, P. 1997.  Ambient Characterization of the ESF Drift Scale Test Area by
Field Air Permeability Measurements.  Milestone Report SP9512M4.  Berkeley, California:
Lawrence Berkeley National Laboratory.  ACC:  MOL.19971201.0829.

Tsang, Y.W. and Freifeld, B. 1998a.  "Hydrological Baseline Measurements."  Chapter 2 of ESF
Drift Scale Test As-Built Data and Baseline Measurements (Hydrological, Radar, and
Microseismic).  Milestone Report SPY193M4.  Berkeley, California:  Lawrence Berkeley National
Laboratory.  ACC:  MOL.19980527.0252.

Tsang, Y.W. and Freifeld, B. 1998b. "Hydrological Characterization Data."  Chapter 3 of ESF
Drift Scale Test As-Built Data and Baseline Measurements (Hydrological, Radar, and
Microseismic).  Milestone Report SPY193M4.  Berkeley, California:  Lawrence Berkeley National
Laboratory.  ACC:  MOL.19980527.0252.
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9.  ATTACHMENTS 

Attachment I - Document Reference Input Sheet

Attachment II - Supporting Data for the Calcutaions of Fracture Properties

Attachment III - Technical Data Information Form

Attachment IV - Software Routines
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OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT

DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

2a

1. 

DTN:
GS00039991221.004.
Preliminary Developed
Matrix Properties.
Submittal date:
3/10/2000.

Entire

N/A-
Qualified-
Verification
Level 2

6.2
Matrix property and
saturation

N/A N/A N/A N/A

2. 

DTN:
GS930608312332.001.
Outcrop-Fractures
Orientation and Geometry
in the Area of Raven
Canyon. Submittal date:
06/30/1993.  Initial use.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 Fracture data N/A N/A N/A N/A

3. 

DTN:
GS930608312332.002.
Outcrop Fractures
Orientation, Description
and Geometry in the Area
East of Little Skull
Mountain, Nevada.
Submittal date:
10/30/1993.  Initial use.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 Fracture data N/A N/A N/A N/A
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OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT

DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

4. 

DTN:
GS950208312232.003.
Data, Including Water
Potential, Pressure and
Temperature, Collected
from Boreholes USW
NRG-6 and USW NRG -
7A from Instrumentation
through March 31, 1995.
Submittal date:
02/13/1995.

Water
potential

N/A-
Qualified-
Verification
Level 2

6.2
Calculation of in-situ
water potentials for model
layers

N/A N/A N/A N/A

5. 

DTN:
GS951108312232.008.
Data, Including Water
Potential, Pressure and
Temperature, Collected
from Boreholes UE-25
UZ#4 & UZ#5 from
Instrumentation through
September 30, 1995, and
from USW NRG-6 &
NRG-7A from April 1
through September 30,
1995.  Submittal date:
11/21/1995.

Water
potential

N/A-
Qualified-
Verification
Level 2

6.2
Calculation of In-situ
water potentials for model
layers

N/A N/A N/A N/A
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OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT

DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

6. 

DTN:
GS960308312232.001.
Deep Unsaturated Zone
Surface-Based Borehole
Instrumentation Program
Data from Boreholes
USW NRG-7A, USW
NRG-6, UE-25 UZ#4,
UE-25 UZ#5, USW UZ-
7A, and USW SD-12
FOR the Time Period
10/01/95 through 3/31/96.
Submittal date:
04/04/1996.

Water
potential

N/A-
Qualified-
Verification
Level 2

6.2
Calculation of in-situ
water potentials for model
layers

N/A N/A N/A N/A

7. 

DTN:
GS960708314224.008.
Provisional Results:
Geotechnical Data for
Station 30+00 to Station
35+00, Main Drift of the
ESF.  Submittal date:
08/05/1996.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A
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OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT

DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

8. 

DTN:
GS960708314224.010.
Provisional results:
Geotechnical Data for
Station 40+00 to Station
45+00, Main Drift of the
ESF.  Submittal date:
08/05/1996.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A

9. 

DTN:
GS960808312232.004.
Deep Unsaturated Zone
Surface-Based Borehole
Instrumentation Program
Data for Boreholes USW
NRG-7A, USW N RG-6,
UE-25 UZ#4, UE-25
UZ#5, USW UZ-7A and
USW SD-12 for the Time
Period 4/1/96 through
8/15/96.  Submittal date:
08/30/1996.

Water
potential

N/A-
Qualified-
Verification
Level 2

6.2
Calculation of in-situ
water potentials for model
layers

N/A N/A N/A N/A
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OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT

DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

10. 

DTN:
GS960808314224.011.
Provisional results:
Geotechnical Data for
Station 35+00 to Station
40+00, Main Drift of the
ESF.  Submittal date:
08/29/1996.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A

11. 

DTN:
GS960908312232.012.
Comparison of Air-
Injection Permeability
Values to Laboratory
Permeability Values.
Submittal date:
09/26/1996.

Column of
Permeabilit
y data

TBV-3533 6.1 Air permeability 1 ✓ N/A N/A

12. 

DTN:
GS960908312232.013.
Air-Injection Testing in
Vertical Boreholes in
Welded and Non-Welded
Tuff, Yucca Mountain,
Nevada.  Submittal date:
09/26/1996.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 Air permeability N/A N/A N/A N/A
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OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT

DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

13. 

DTN:
GS960908314224.014.
Provisional Results ESF
Main Drift, Station 50+00
to Station 55+00.
Submittal date:
09/09/1996.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A

14. 

DTN:
GS960908314224.018.
Provisional Results:
Geotechnical Data for
Alcove 5 (DWFA), Main
Drift of the ESF.
Submittal date:
09/09/1996.   Initial use.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A
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OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT

DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

15. 

DTN:
GS960908314224.020.
Analysis Report: Geology
of the North Ramp -
Stations 4+00 to 28+00
and Data: Detailed Line
Survey and Full-Periphery
Geotechnical Map -
Alcoves 3 (UPCA) and 4
(LPCA), and Comparative
Geologic Cross Section -
Stations 0+60 to 28+00.
Submittal date:
09/09/1996.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A
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OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT

DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

16. 

DTN:
GS970108312232.002.
Deep Unsaturated Zone,
Surface-Based Borehole
Instrumentation
Program Raw Data
Submittal for Boreholes
USW NRG-7A, USW
NRG-6, UE-25 UZ#4,
UE-25 UZ#5, USW UZ-
7A, and USW SD-12, for
the Period 8/16/96
through 12/31/96.
Submittal date:
01/22/1997.

Water
potential

N/A-
Qualified-
Verification
Level 2

6.2
Calculation of in-situ
water potentials for model
layers

N/A N/A N/A N/A
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OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT

DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

17. 

DTN:
GS970183122410.001.
Results from Air-Injection
and Tracer Testing in the
Upper Tiva Canyon,
Bowridge Fault, and
Upper Paintbrush Contact
Alcoves of the
Exploratory Studies
Facility, August 1994
through July 1996, Yucca
Mountain, Nevada.
Submittal date:
02/03/1997.  Initial use.

Entire

N/A-
Qualified-
Verification
Level 2

6.1

6.4
Air permeability N/A N/A N/A N/A

18. 

DTN:
GS970208314224.003.
Geotechnical Data for
Station 60+00 to Station
65+00, South Ramp of the
ESF.  Submittal date:
02/12/1997.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A
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OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT

DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

19. 

DTN:
GS970308314222.001.
Fracture Data from
Natural Outcrops of the
Calico Hills Formation
and the Topopah Spring
Tuff at 10 Locations in
the Vicinity of Prow Pass,
at the Head of Yucca
Wash, North of Yucca
Mtn, and 2 Locations at
the NE End of Busted
Butte, SE of Yucca Mtn.
Submittal date:
03/26/1997 .   Initial use.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 fracture data N/A N/A N/A N/A

20. 

DTN:
GS970408314222.003.
Integrated Fracture Data
in Support of Process
Models, Yucca Mountain,
Nevada.  Submittal date:
04/21/1997.  Initial use.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 Fracture properties N/A N/A N/A N/A
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OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT

DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

21. 

DTN:
GS970808312232.005.
Deep Unsaturated Zone
Surface-Based Borehole
Instrumentation Program
Data from Boreholes
USW NRG-7A, UE-2 5
UZ#4, UE-25 UZ#5,
USW UZ-7A and USW
SD-12 for the Time
Period 1/1/97 - 6/30/97.
Submittal date:
08/28/1997.

Water
potential

N/A-
Qualified-
Verification
Level 2

6.2
Calculation of in-situ
water potentials for model
layers

N/A N/A N/A N/A

22. 

DTN:
GS970808314224.008.
Provisional Results:
Geotechnical Data for
Station 65+00 to Station
70+00, South Ramp of the
ESF.  Submittal date:
08/18/1997.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A
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OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT

DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

23. 

DTN:
GS970808314224.010.
Provisional Results:
Geotechnical Data for
Station 70+00 to Station
75+00, South Ramp of the
ESF.  Submittal date:
08/25/1997.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A

24. 

DTN:
GS970808314224.012.
Provisional Results:
Geotechnical Data for
Station 75+00 to Station
78+77, South Ramp of the
ESF.  Submittal date:
08/25/1997.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A

25. 

DTN:
GS970808314224.014.
Provisional Results:
Geotechnical Data for
Alcove 6 and Alcove 6
Drill Alcove, Main Drift
of the ESF.  Submittal
date: 08/25/1997.  Initial
use.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Calculation of fracture
properties

N/A N/A N/A N/A
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OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT

DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

26. 

DTN:
GS971108312232.007.
Provisional Results:
Geotechnical Data for
Alcove 6 and Alcove 6
Drill Alcove, Main Drift
of the ESF.  Submittal
date: 11/18/1997.

Water
potential

N/A-
Qualified-
Verification
Level 2

6.2
Calculation of in-situ
water potentials for model
layers

N/A N/A N/A N/A

27. 

DTN:
GS971108314224.020.
Revision 1 of Detailed
Line Survey Data, Station
0+60 to Station 4+00,
North Ramp Starter
Tunnel, Exploratory
Studies Facility.
Submittal date:
12/03/1997.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A

28. 

DTN:
GS971108314224.021.
Revision 1 of Detailed
Line Survey Data, Station
4+00 to Station 8+00,
North Ramp, Exploratory
Studies Facility.
Submittal date:
12/03/1997.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A
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DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

29. 

DTN:
GS971108314224.022.
Revision 1 of Detailed
Line Survey Data, Station
8+00 to Station 10+00,
North Ramp, Exploratory
Studies Facility.
Submittal date:
12/03/1997.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A

30. 

DTN:
GS971108314224.023.
Revision 1 of Detailed
Line Survey Data, Station
10+00 to Station 18+00,
North Ramp, Exploratory
Studies Facility.
Submittal date:
12/03/1997.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A

31. 

DTN:
GS971108314224.024.
Revision 1 of Detailed
Line Survey Data, Station
18+00 to Station 26+00,
North Ramp, Exploratory
Studies Facility.
Submittal date:
12/03/1997.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A
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DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

32. 

DTN:
GS971108314224.025.
Revision 1 of Detailed
Line Survey Data, Station
26+00 to Station 30+00,
North Ramp, Exploratory
Studies Facility.
Submittal date:
12/03/1997.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A

33. 

DTN:
GS971108314224.026.
Revision 1 of Detailed
Line Survey Data, Station
45+00 to Station 50+00,
Main Drift, Exploratory
Studies Facility.
Submittal date:
12/03/1997.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A
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DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

34. 

DTN:
GS971108314224.028.
Revision 1 of Detailed
Line Survey Data, Station
55+00 to Station 60+00,
Main Drift and South
Ramp, Exploratory
Studies Facility.
Submittal date:
12/03/1997.

Entire

N/A-
Qualified-
Verification
Level 2

6.1
Fracture data (location,
length, strike, dip)

N/A N/A N/A N/A

35. 

DTN:
GS980408312232.001.
Deep Unsaturated Zone
Surface-Based Borehole
Instrumentation Program
Data from Boreholes
USW NRG-7A, UE-2 5
UZ #4, USW NRG-6,
UE-25 UZ #5, USW UZ-
7A and USW SD-12 for
the Time Period 10/01/97
- 03/31/98.  Submittal
date: 04/16/1998.

Water
potential

N/A-
Qualified-
Verification
Level 2

6.2
Calculation of water
potentials for model layers

N/A N/A N/A N/A
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DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

36. 

DTN:
GS981108314224.005.
Locations of
Lithostratigraphic
Contacts in the ECRB
Cross Drift.  Submittal
date: 11/30/1998.

Entire N/A -
Qualified/Con
firmed/Contro
lled

6.1.2
Lithostratigraphic contacts
in the ESF

N/A N/A N/A N/A

37. 

DTN:
GS990408314224.001.
Detailed Line Survey
Data for Stations
00+00.89 to 14+95.18,
ECRB Cross Drift.
Submittal Date:
09/09/1999.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 Fracture Data N/A N/A N/A N/A

38. 

DTN:
GS990408314224.002.
Detailed Line Survey
Data for Stations
15+00.85 TO 26+63.8,
ECRB Cross Drift.
Submittal Date:
09/09/1999.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 Fracture Data N/A N/A N/A N/A
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DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

39. 

DTN:
GS9908813122410.002.
Qualified Data in "Results
From Geothermal
Logging, Air and Core-
Water Chemistry
Sampling, Air-Injection
Testing and Tracer
Testing in the Northern
Ghost Dance Fault,
November, 1996 -
August, 1998."  Submittal
date: 08/16/1999.

Entire

N/A-
Qualified-
Verification
Level 2

6.4 Fault fracture permeability N/A N/A N/A N/A

40. 

DTN:
LB960500834244.001.
Hydrological
Characterization of the
Single Heater Test Area
in ESF.  Submittal date:
08/23/1996. Initial use.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 Air permeability N/A N/A N/A N/A
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DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

41. 

DTN:
LB970600123142.001.
Ambient Characterization
of the ESF Drift Scale
Test Area by Field Air
Permeability
Measurements.  Submittal
date: 06/13/1997.  Initial
use.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 Air permeability N/A N/A N/A N/A

42. 

DTN:
LB980001233124.001.
Water Potential
Measurements in Niches
3566 and 3650.  Submittal
date: 04/23/1998.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 Air permeability N/A N/A N/A N/A

43. 

DTN:
LB980001233124.002.
Air Permeability Testing
in Niches 3566 and 3650.
Submittal date:
04/23/1998

Entire

N/A-
Qualified-
Verification
Level 2

6.1 Air permeability N/A N/A N/A N/A
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DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

44. 

DTN:
LB980120123142.004.
Air Injections in
Boreholes 57 through 61,
74 through 78, 185 and
186 in the Drift Scale Test
Area.  Submittal date:
01/20/1998.  Initial use.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 Air permeability N/A N/A N/A N/A

45. 

DTN:
LB980120123142.005.
Hydrological
Characterization by Air
Injections Tests in
Boreholes in Heated Drift
in DST.  Submittal date:
01/20/1998.  Initial use.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 Air permeability N/A N/A N/A N/A
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DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

46. 

DTN:
LB980901233124.001.
Pneumatic Pressure and
Air Permeability Data
from Niches 3107 and
4788 in the ESF from
Chapter 2 of Report
SP33PBM4:  Fracture
Flow and Seepage Testing
in the ESF, FY98.
Submittal date:
09/14/1998.  Initial use.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 Air Permeability N/A N/A N/A N/A

47. 

DTN:
LB980901233124.002.
Laboratory Imbibition,
Tracer, and Seepage Tests
in Niches 3566, 3650,
3107, and 4788 in the
ESF.  Submittal date:
09/14/1998.  Initial use.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 Air Permeability N/A N/A N/A N/A

48. 

DTN:
LB980901233124.003.
Liquid Release and Tracer
Tests in Niches 3566,
3650, 3107, and 4788 in
the ESF.  Submittal date:
09/14/1998.  Initial use.

Characteris
tics and
water
content
data

N/A-
Qualified-
Verification
Level 2

6.5
Confirmation of fracture
alpha & porosity

N/A N/A N/A N/A
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1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

49. 

DTN:
LB980912332245.002.
Gas Tracer Data from
Niche 3107 of the ESF.
Submittal date:
09/30/1998.  Initial use.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 fracture & porosity N/A N/A N/A N/A

50. 

DTN:
LB991091233129.005.
Hydrologic Properties
Data Number of Matrix
Permeability Non Detects.
Submittal date:
10/22/1999.  Initial Use.

Entire

N/A-
Qualified-
Verification
Level 2

6.2
Calculation of matrix
properties

N/A N/A N/A N/A

51. 

DTN:
MO9901MWDGFM31.000.
Geologic Framework
Model.  Submittal date:
01/06/1999.

Entire
TBV-3005

TBV-3582
6.2 Lithostratigraphy 1 ✓ N/A N/A
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1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

52. 

DTN:
SNF29041993002.084.
Yucca Mountain Site
Characterization Project
Core Hole Rock
Structural Data
Summaries for Boreholes
UE25 NRG-1, -2, -2A, -
2B, -3, -4, -5; and USW
NRG-6 and 7/7A,
Revision 2.  Submittal
date: 07/09/1996.  Initial
use.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 Fracture data N/A N/A N/A N/A

53. 

DTN:
SNT05071897001.012.
Source Data for Base
Case Thermal Property
Data for TSPA-VA (Total
System Performance
Assessment-Viability
Assessment) (VA
supporting data).
Submittal date:
05/25/1999.  Initial use.

Entire TBV-3260 6.3
Calculation of thermal
properties

1 ✓ N/A N/A
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DOCUMENT INPUT REFERENCE SHEET

1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

54. 

DTN:
TM000000SD12RS.012.
USW SD-12 Composite
Borehole Log (0.0' -
1435.3') and Weight Logs
(1,438.8 - 2,151.7').
Submittal date:
09/08/1995.  Initial use.

Entire

N/A-
Qualified-
Verification
Level 2

6.1 Fracture data N/A N/A N/A N/A

55. 

Bear, J.; Tsang, C.F.; and
de Marsily, G. eds. 1993.
Flow and Contaminant
Transport in Fractured
Rock.  San Diego,
California:  Academic
Press.  TIC:  226388.

p.15
N/A-
Reference
only

6.1.2.2
Determination of fracture
aperture

N/A N/A N/A N/A
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1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

56. 

CRWMS M&O (Civilian
Radioactive Waste
Management System
Management and
Operating Contractor)
1998.  Geology of the
Exploratory Studies
Facility Topopah Spring
Loop, Rev. 1.
BAB000000-01717-0200-
00002.  Las Vegas,
Nevada:  CRWMS M&O.
ACC:
MOL.19980415.0283.

Table 2,
pp. 20-22

34-35

Fig. 5

Att. II

TBV

6.1.2.1

6.1.2.2

Lithostratigraphic contacts
in the ESF

1 N/A ✓ N/A

57. 

CRWMS M&O 1999a.
M&O Site Investigations.
Activity Evaluation.  Las
Vegas, Nevada:  CRWMS
M&O.  ACC:
MOL.19990317.0330.

Entire
N/A-
Reference
only

2 Activity Evaluation N/A N/A N/A N/A

58. 

CRWMS M&O 1999b.
M&O Site Investigations.
Activity Evaluation.  Las
Vegas, Nevada:  CRWMS
M&O.  ACC:
MOL.19990928.0224.

Entire
N/A-
Reference
only

2 Activity Evaluation N/A N/A N/A N/A
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1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

59. 

CRWMS M&O 1999c.
Analysis & Modeling
Development Plan (DP)
for U0090 Analysis of
Hydrologic Properties
Data, Rev 00.  TDP-NBS-
HS-000003.  Las Vegas,
Nevada:  CRWMS M&O.
ACC:
MOL.19990826.0105.

Entire
N/A -
Reference
only

2 Plan N/A N/A N/A N/A

60. 

CRWMS M&O 1999d.
Development of
Numerical Grids for UZ
Flow and Transport
Modeling.  ANL-NBS-
HS-000015.  Las Vegas,
Nevada:  CRWMS M&O.
ACC:
MOL.19990721.0517.

Table 10
N/A –
Reference
only

6 FY99 UZ Model Layers N/A N/A N/A N/A
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ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
Section
Used in

6. Input Description
7.

TBV/TBD
Priority Unqual.

From
Uncontrolled

Source

Un-
confirmed

61. 

Dyer, J.R. 1999.
“Revised Interim
Guidance Pending
Issuance of New U.S.
Nuclear Regulatory
Commission (NRC)
Regulations (Revision 01,
July 22, 1999), for Yucca
Mountain, Nevada.”
Letter from J.R. Dyer
(DOE) to D.R. Wilkins
(CRWMS M&O),
September 9, 1999,
OL&RC:  SB-1714, with
enclosure, “Interim
Guidance Pending
Issuance of New U.S.
Nuclear Regulatory
Commission (NRC)
Regulations (Revision
01).”  ACC:
MOL.19990910.0079.

Entire
N/A-
Reference
only

4.2 Interim Guidance N/A N/A N/A N/A
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1. Document Identifier No./Rev.:
ANL-NBS-HS-000002/Rev.00

Change: Title:
Analysis of Hydrologic Properties Data

Input Document 8. TBV Due To

2. Technical Product Input Source
Title and Identifier(s) with Version

3. Section

4. Input
Status

5.
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ATTACHMENT II - DATA USEDIN THE CALCULATIONS 
OF FRACTURE PROPERTIES

The following tables provide data for the calculation of fracture properties discussed in Section
6.1.

Table II-1: Air Permeability Data from Air Injection Testing 

Vertical Boreholes Upper PTn Contact Alcove (Alcove 3)
Observation DriftLeCain, 1997 LeCain, 1998

DTN:  GS960908312232.012
DTN:  GS960908312232.013

Borehole

DTN:  GS970183122410.001 DTN:  LB970600123142.001

Unit k (m2) Borehole k (m2)
uz-16 Tac 2.48E-14

Unit k (m2)
TpcplncRBT #1 1.6E-12 4.5E-13

nrg-7a Tpcpv1 1.20E-13 RBT #1 Tpcplnc 2E-13 9E-14
nrg-7a Tpcpv1 2.87E-13 RBT #4 Tpcplnc 2E-12 4.7E-13
nrg-7a Tpy 2.12E-13 RBT #4 Tpcplnc 2E-14 3.4E-13
nrg-7a Tpy 2.40E-13 RBT #4 Tpcplnc 6E-14 4.1E-14
nrg-7a Tpy 2.65E-13 RBT #4 Tpcplnc 4E-13 2E-12
nrg-7a Tpy 5.92E-13 RBT #4 Tpcplnh 4E-13 4.8E-13
nrg-7a Tpbt3 2.97E-12 RBT #4 Tpcplnh 4.7E-12 1.4E-13
nrg-7a Tpp 1.24E-13 RBT #4 Tpcplnh 1.7E-12 4.9E-13
nrg-7a Tpp 1.37E-13 RBT #4 Tpcplnh 1E-13 4.2E-13
nrg-7a Tpp 1.40E-13 RBT #4 Tpcplnh 6.2E-12 1E-13
nrg-7a Tpp 1.50E-13 RBT #4 Tpcplnh 3.1E-12 3E-13
nrg-7a Tpp 2.01E-13 RBT #4 Tpcplnh 1.2E-11 7.8E-14
nrg-7a Tpp 2.10E-13 RBT #4 Tpcplnh 6.2E-12 2.4E-14
nrg-7a Tpp 2.19E-13 RBT #4 Tpcplnh 1E-12 6.2E-15
nrg-7a Tpp-Tpbt2-Tptrv3 2.18E-13 RBT #4 Tpcplnh 2.3E-12 4.4E-13
nrg-6 Tpcplnc 2.78E-13 RBT #4 Tpcplnh 2.9E-12 3.5E-14
nrg-6 Tpcplnc 2.29E-12 RBT #1 Tpcpv2 9.3E-12 4.4E-13
nrg-6 Tpcpll 1.40E-11 RBT #1 Tpcpv2 4.11E-11 1.2E-13
nrg-6 Tpcpll-Tpcplnh 2.82E-11 RBT #1 Tpcpv1 5.7E-11 1.3E-12
nrg-7a Tpcplnc 1.09E-11 RBT #1 Tpcpv1 3.39E-11 3.4E-14
nrg-7a Tpcplnc 4.06E-11 RBT #1 Tpcpv1 1.5E-11 6.1E-14
nrg-7a Tpcplnh-Tpcplnc 5.39E-11 RBT #1 Tpcpv1 4E-13 9.5E-15
sd-12 Tpcplnc 7.71E-13 RBT #1 Tpcpv1 1.3E-11 4.5E-14
sd-12 Tpcpll-Tpcplnh 9.16E-13 RBT #1 Tpcpv1 1.1E-12 6.8E-15
sd-12 Tpcpll 9.23E-13 RBT #1 Tpcpv1 7.7E-12 1.4E-13
sd-12 Tpcplnh 1.66E-12 RBT #1 Tpcpv1 9E-13 1.1E-14
sd-12 Tpcplnc 2.10E-12 RBT #1 Tpcpv1 1.9E-12 5.8E-14
sd-12 Tpcplnc-Tpcpv2 3.16E-12 RBT #1 Tpcpv1 1.7E-11 4.1E-15
sd-12 Tpcplnc 5.86E-12 6.1E-14
sd-12 Tpcplnh-Tpcplnc 5.97E-12 Upper Tiva Canyon Alcove (Alcove 1) 2.4E-14
sd-12 Tpcplnc-Tpcpv2 6.77E-12 LeCain, 1998 8.8E-16
sd-12 Tpcplnh-Tpcplnc 1.10E-11 DTN:  GS970183122410.001 1E-13
sd-12 Tpcpll 3.83E-11 1.1E-13
uz-16 Tpcpll/Tpcplnh 1.50E-12 Borehole Unit k (m2) 1.9E-15
uz-16 Tpcpll 5.48E-12 RBT #1 Tpcpul 5.5E-12 2.7E-13
uz-16 Tpcplnc 1.50E-11 RBT #1 Tpcpul 1.13E-11 2.1E-13
uz-16 Tpcplnh/Tpcplnc 2.74E-11 RBT #1 Tpcpul 3.4E-12 1.9E-14
nrg-7a Tpcplnc-Tpcpv2 2.42E-13 RBT #1 Tpcpul 2.3E-12 6.6E-14
nrg-6 Tptrn 8.15E-14 RBT #1 Tpcpul 2.4E-11 4.9E-13
nrg-6 Tptrn 1.30E-13 RBT #1 Tpcpul 2.7E-11 5.5E-14
nrg-6 Tptrn 1.68E-13 RBT #1 Tpcpul 3.2E-12
nrg-6 Tptrn 1.87E-13 RBT #2 Tpcpul 4.7E-11

UPCA SHT

UTCA
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Table II-1 (cont.)

nrg-6 Tptrn 3.23E-13 RBT #2 Tpcpul 3E-11
Heated Drift Boreholesnrg-6 Tptrn 4.32E-13 RBT #2 Tpcpul 2.9E-11

nrg-6 Tptrn 4.60E-13 RBT #2 Tpcpul 2.6E-11
nrg-6 Tptrn 6.44E-13 RBT #2 Tpcpul 2.6E-11

DTN:LB980120123142.005

nrg-6 Tptrn 6.50E-13 RBT #2 Tpcpul 4.9E-11
k (m

2)

nrg-6 Tptrn 6.74E-13 RBT #2 Tpcpul 7.6E-11
7.01E-15

nrg-6 Tptrn 6.78E-13 RBT #2 Tpcpul 8E-13
1.12E-13

nrg-6 Tptrn 9.19E-13 RBT #2 Tpcpul 2.8E-11
2.33E-13

nrg-6 Tptrn 9.43E-13 RBT #2 Tpcpul 8.1E-11
1.26E-11

nrg-6 Tptrn 1.06E-12 RBT #2 Tpcpul 6.6E-11
2.89E-12

nrg-6 Tptrn 1.06E-12 RBT #2 Tpcpul 3E-11
5.22E-13

nrg-6 Tptrn 2.21E-12 RBT #2 Tpcpul 1.17E-11
2.79E-13

nrg-6 Tptrn 2.56E-12 RBT #3 Tpcpul 1.5E-11
3.32E-14

nrg-6 Tptrn 3.04E-12 RBT #3 Tpcpul 2.8E-11
5.29E-14

nrg-6 Tptrn 3.70E-12 RBT #3 Tpcpul 2.7E-11
3.59E-13

nrg-6 Tptrn 2.37E-11 RBT #3 Tpcpul 8.5E-11
3.76E-13

nrg-7a Tptrn 3.47E-14 RBT #3 Tpcpul 2E-13
3.44E-13

nrg-7a Tptrn 2.58E-13 RBT #3 Tpcpul 2.3E-11
8.63E-14

nrg-7a Tptrn 4.00E-13 RBT #3 Tpcpul 1.65E-11
1.17E-13

sd-12 Tptrn 1.20E-13
3.72E-13

sd-12 Tptrn 1.85E-13 Bow Ridge Fault Alcove (Alcove 2)
8.02E-14

sd-12 Tptrn 5.45E-13 LeCain, 1998
3.1E-13

sd-12 Tptrn 6.40E-13 DTN:  GS970183122410.001
1.02E-14

sd-12 Tptrn 1.02E-12 Borehole Unit k (m2)
1.79E-14

sd-12 Tptrn 8.95E-12 HPF #1 Tpcpmn 8.1E-12
7.05E-13

sd-12 Tptrn 2.92E-11 HPF #1 Tpcpmn 1.37E-11
4.61E-13

uz-16 Tptrn 6.45E-13 HPF #1 Tpcpmn 2.1E-11
7.36E-13

nrg-6 Tptpul 2.39E-13 HPF #1 Tpcpmn 2.16E-11
1.03E-12

nrg-6 Tptrl 2.49E-13 HPF #1 Tpcpmn 2.64E-11
nrg-6 Tptpul 1.91E-12 HPF #1 Tpcpmn 8E-12
nrg-6 Tptpul 2.08E-12 HPF #1 Tpcpmn 6.1E-12
nrg-6 Tptpul 3.61E-12 HPF #1 Tpcpmn 6E-12
nrg-6 Tptpul 1.25E-11 HPF #1 Tpcpmn-ll 1.1E-12
nrg-7a Tptrl 6.09E-14 HPF #1 Tpcpll 9E-13 DTN:  LB980120123142.004
nrg-7a Tptrl 1.54E-13 HPF #1 Tpcpll 6E-13 k (m2)
nrg-7a Tptpul 1.67E-13 HPF #1 Tpcpll 2E-12

8.26E-13

nrg-7a Tptpul 1.90E-13 HPF #1 Tpcpll 1.7E-12

1.26E-12

nrg-7a Tptrl 2.47E-13 HPF #1 Tpcpll 1.5E-12

1.51E-11

nrg-7a Tptpul 2.77E-13 HPF #1 Tmbtl 4.13E-11

2.26E-12

nrg-7a Tptpul 2.79E-13 HPF #1 Tmbtl 2.2E-11

1.46E-13

nrg-7a Tptpul 3.00E-13

2.26E-13

nrg-7a Tptpul 3.18E-13

1.58E-15

nrg-7a Tptpul 4.24E-13

4.37E-13

nrg-7a Tptpul 4.50E-13

1.74E-13

nrg-7a Tptpul 4.71E-13

2.15E-13

sd-12 Tptpul 7.23E-13

8.45E-13

sd-12 Tptpul 1.10E-12

1.27E-13

sd-12 Tptpul 2.71E-12

1.45E-13

sd-12 Tptpul 4.18E-12

4.04E-13

sd-12 Tptpul 1.84E-11

3.11E-13

uz-16 Tptpul 1.36E-12

9.69E-13

uz-16 Tptpul 1.68E-12

3.62E-13

uz-16 Tptpul 2.12E-12

2.13E-13

uz-16 Tptpul 2.19E-12

4.98E-13

nrg-6 Tptpmn 1.58E-13

1.35E-14

nrg-6 Tptpmn 2.58E-13

9.85E-15

nrg-6 Tptpmn 4.67E-13

2.04E-13

Hydrology Boreholes

BRFA

DST

DST
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Table II-1 (cont.)

nrg-6 Tptpmn 9.16E-13 2.61E-13
nrg-6 Tptpmn 9.25E-13 8.99E-13
nrg-6 Tptpmn 1.55E-12 4.68E-14
nrg-6 Tptpmn 3.11E-12 8.23E-14
nrg-7a Tptpmn 9.00E-14 2.65E-13
nrg-7a Tptpmn 1.89E-13 6.12E-14
nrg-7a Tptpmn 2.26E-13 1.44E-13
nrg-7a Tptpmn 2.60E-13 1.21E-13
nrg-7a Tptpmn 2.70E-13 2.95E-13
nrg-7a Tptpmn 2.39E-12 1.46E-13
sd-12 Tptpmn 3.67E-13 1.53E-13
sd-12 Tptpmn 8.65E-13 7.24E-13
sd-12 Tptpmn 1.24E-12 2.64E-13
sd-12 Tptpmn 2.01E-12 1.29E-13
sd-12 Tptpmn 2.04E-12 6.76E-14
sd-12 Tptpmn 2.51E-12 8.62E-14
sd-12 Tptpmn 9.64E-12 1.4E-13
uz-16 Tptpmn 2.34E-14 3.57E-13
uz-16 Tptpmn 4.63E-14 3.91E-13
uz-16 Tptpmn 8.59E-14 4.21E-14
uz-16 Tptpmn 1.37E-13 2.56E-14
uz-16 Tptpmn 1.40E-13 2.74E-14
uz-16 Tptpmn 1.42E-13 2.75E-14
uz-16 Tptpmn 1.50E-13 3.94E-13
uz-16 Tptpmn 1.90E-13 2.02E-13
uz-16 Tptpmn 2.29E-13 4.64E-14
uz-16 Tptpmn 2.31E-13 5.49E-14
uz-16 Tptpmn 2.92E-13 1.09E-13
uz-16 Tptpmn 3.10E-13
uz-16 Tptpmn 5.89E-13

Single Heater

uz-16 Tptpmn 6.11E-13
uz-16 Tptpmn 9.52E-13

DTN:  LB960500834244.001

uz-16 Tptpmn 1.04E-12

k (m
2
)

uz-16 Tptpmn 1.18E-12

3.46E-13

nrg-7a Tptpll 1.49E-13

2.07E-13

nrg-7a Tptpll 1.65E-13

9.26E-14

nrg-7a Tptpll 1.74E-13

2.01E-13

nrg-7a Tptpll 1.80E-13

3.8E-13

nrg-7a Tptpll 1.86E-13

2.71E-14

nrg-7a Tptpll 2.02E-13

7.34E-15

nrg-7a Tptpll 2.22E-13

8.68E-15

nrg-7a Tptpll 4.12E-13

1.6E-13*

nrg-7a Tptpll 4.31E-13

7.2E-14

nrg-7a Tptpll 4.41E-13

1.8E-13

nrg-7a Tptpll 4.86E-13

9.2E-15

nrg-7a Tptpll 5.19E-13

3.7E-14*

nrg-7a Tptpll 6.26E-13

2.3E-12*

nrg-7a Tptpll 6.43E-13

1.2E-14

nrg-7a Tptpll 1.20E-12

5.2E-12

uz-16 Tptpll 4.14E-13

2.1E-13

uz-16 Tptpll 4.97E-13

6.6E-14

uz-16 Tptpll 6.68E-13

1.4E-14

uz-16 Tptpll 1.35E-12

8.3E-15

uz-16 Tptpll 2.20E-12

2.8E-12

uz-16 Tptpll 2.22E-12

8.8E-14

uz-16 Tptpll 2.31E-12

1.6E-13

uz-16 Tptpll 2.42E-12

9.9E-15

* Average of measurements 
  from same borehole
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Table II-1 (cont.)

uz-16 Tptpll 3.04E-12 5E-15
uz-16 Tptpll 3.06E-12 1.2E-14
uz-16 Tptpll 3.11E-12 4.6E-13
uz-16 Tptpll 3.19E-12 1.1E-12
uz-16 Tptpll 3.45E-12 5.1E-15
uz-16 Tptpll 5.31E-12
uz-16 Tptpll 8.40E-12
uz-16 Tptpll 9.50E-12
sd-12 Tptpln 6.12E-13
sd-12 Tptpln 1.01E-12
sd-12 Tptpln 1.05E-12
sd-12 Tptpln 1.58E-12
sd-12 Tptpln 1.58E-12
sd-12 Tptpln 1.94E-12
uz-16 Tptpln 3.45E-13
uz-16 Tptpln 6.44E-13
uz-16 Tptpln 6.69E-13
uz-16 Tptpln 1.12E-12
uz-16 Tptpln 1.25E-12
uz-16 Tptpln 1.31E-12
uz-16 Tptpln 1.44E-12
uz-16 Tptpln 1.45E-12
uz-16 Tptpln 1.64E-12
uz-16 Tptpln 2.00E-12
uz-16 Tptpln 2.29E-12
uz-16 Tptpln 4.14E-12
uz-16 Tptpln 5.83E-12
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Table II-2: Corresponding UZ Model Layers Along the ESF and ECRB Cross-Drift, (see section 6.1.2.1)

Distance (m) along the ESF Distance(m) Along Alcove 4
Unit start end unit start end

tcw12 61.7 198.6 ptn26
ptn26

0 22.2
tcw11 348.8 435.2 29.55 51.0
tcw12 441.9 776.5
tcw13 776.5 793.6 Distance(m) Along Alcove 5
ptn21 793.6 869.3 unit start end
ptn24 875.8 894.6 tsw34 0 12.0
ptn25 894.6 1021 tsw34 0 15.0
ptn26 1021 1075.7 tsw34 0 14.0
tsw31 1075.7 1191
tsw32 1191 1716 Distance(m) Along Alcove 6
tsw33 1716 2720 unit start end
tsw34 2720 5729.2 tsw34 0 24.0
tsw35 5729.2 5878.3 tsw34 0 175.0
tsw34 5878.3 6308
tsw33 6308 6324.2 Distance(m) Along ECRB Cross Drift
tsw33 6327.5 6507.7 unit start end
tsw32 6507.7 6525.2 tsw33 0 1015
tsw32 6527.4 6632.8 tsw34 1015 1444
tsw31 6632.8 6637.5 tsw35 1444 2326
ptn26 6637.5 6680.7 tsw36/37 2326 2583
ptn24 6680.7 6694
ptn21 6697.5 6718.5
tcw13 6718.5 6725.5
tcw12 6725.5 6761.4
tcw13 6761.4 6769.4
tcw12 6769.4 6787.5
tsw33 6791.8 6885
tsw32 6885 6990.3
tsw31 6990.3 6996.5
ptn26 6996.5 7057.4
tsw34 7057.4 7100
tsw34 7143 7167.5
tsw33 7167.5 7255
tsw33 7290 7341.5
tsw32 7341.5 7440
tsw31 7440 7451.9
ptn26 7451.9 7476.3
ptn25 7476.3 7481.3
ptn24 7481.3 7494
ptn21 7495.4 7507.8
tcw13 7507.8 7514.2
tcw12 7514.2 7875
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Table II-3: Converting Fracture Data from ESF and ECRB Cross Drift, (see section 6.1.2.3)

Fracture Properties for Fractures > 1 m in Length Ratios for Converting Fracture Properties Data
(Based on DLS of  ESF and ECRB Cross Drift) (Based on ESF Stations 0 to 37+80)

Ratio for Ratio for Ratio for
Unit Frequency Intensity Inter Area Frequency Intensity Inter Area

(1/m) (m/m2) (m2/m3) (-) (-) (-)
tcw11 0.89 0.474 1.478 1.03 1.01 1.05
tcw12 1.36 0.705 6.909 1.40 1.09 1.94
tcw13 1.70 0.585 1.695 1.64 1.18 2.22
ptn21 0.70 0.346 1.105 0.96 0.98 0.90
ptn24 0.46 0.338 1.558 1 1 0.22
ptn25 0.58 0.496 1.476 0.89 0.98 0.74
ptn26 0.69 0.292 2.002 1.41 1.09 1.78
tsw31 1.12 0.333 1.454 1.94 1.35 2.66
tsw32 1.01 0.576 2.504 1.11 1.04 1.28
tsw33 0.54 0.331 1.916 1.50 1.09 2.32
tsw34 2.49 1.056 5.147 1.74 1.19 2.63

Corrected Fracture Properties

Frequency Intensity Inter Area
(1/m) (m/m2) (m2/m3)
0.92 0.48 1.56
1.91 0.77 13.39
2.79 0.69 3.77
0.67 0.34 1.00
0.46 0.34 0.34
0.52 0.49 1.09
0.97 0.32 3.56
2.17 0.45 3.86
1.12 0.60 3.21
0.81 0.36 4.44
4.32 1.26 13.54
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Table II-4: Fracture Data from Boreholesa Used for Model Layers tsw35-tsw38

Frequency
UZ 1997 Fracture Fracture Dip Distributionc Adjusted for Bias

model model Frequencyc Frequencyd in Orientatione

layers layersb #  /10 ft 1/m 0-19 20-39 40-59 60-90 1/m
ptn25 ptn24 6.6 2.17 17% 10% 27% 47% 5.50
tsw34 tsw34 22.5 7.38 13% 12% 15% 60% 20.97
tsw35 tsw35 15.6 5.12 14% 11% 8% 67% 15.35

tsw3[6,7] tsw36 21.6 7.09 15% 18% 8% 58% 19.51
tsw38 tsw37 23.9 7.84 15% 19% 11% 55% 21.14

Notes:
aOnly the data used for this AMR are listed here
bModel layers used in DTN:  GS970408314222.003
cFracture frequencies from DTN:  GS970408314222.003 already
 normalized for core recovery
dFracture frequency in meters (10 ft = 3.048 m)
eUsing Equation 3
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Table II-5: Fracture Data Used from Boreholes SD-12 and NRG-7aa

(DTN: TM000000SD12RS.012 and SNF29041992002.084

             SD-12             NRG-7a
UZ Interval Fracture Interval Fracture Fracture Fracture

model Lengthb Frequencyc Lengthd Frequencyc Frequencye Frequencyf

layers (m) (1/m) (m) (1/m) (1/m) (1/m)

tsw39 12.19 4.20 9.14 5.29 4.67 0.96

ch1Ze 9.14 0.38 NA NA 0.38 0.04

ch1V1 12.19 0.29 6.1 2.49 1.02 0.1

CH 28.955 0.27 9.15 5.46 1.5 0.14

Notes:
aOnly the data used for this AMR is listed here
bFrom boring logs in Rautman and Engstrom (1996, Table 3 on pp. 10-11, Appendix B on pp.55-88)
cAfter normalizing for core recovery and correcting for bias in orientation
dFrom boring logs
eAverage weighted by core length
fCorrected to represent larger fracture lengths
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ATTACHMENT III - TECHNICAL DATA INFORMATION FORM
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